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Abstract 
Copper zinc tin sulfide (Cu2ZnSnS4, or CZTS) is emerging as an alternative light 
absorbing material to the present thin film solar cell technologies such as Cu(In,Ga)Se2 
and CdTe. All the elements in CZTS are abundant, environmentally benign, and 
inexpensive. In addition, CZTS has a band gap of ~1.5 eV, the ideal value for converting 
the maximum amount of energy from the solar spectrum into electricity. CZTS has a high 
absorption coefficient (>104 cm-1 in the visible region of the electromagnetic spectrum) 
and only a few micron thick layer of CZTS can absorb all the photons with energies 
above its band gap. Pure sulfide CZTS solar cells have already reached power conversion 
efficiencies ~8.5% [1].  
A two-stage process of CZTS thin film synthesis is presented, which consists of sequential 
thermal evaporation of copper, tin and zinc layers followed by a heat treatment in the 
presence of sulfur vapor (sulfurization) in a sealed quartz ampoule. The metal precursor 
stacking order, deposition rate and thickness of each metal layer can be adjusted to give 
uniform metal precursor stacks of controlled morphology and composition. The effects of 
sulfurization temperature, time, substrate material, metal precursor stacking order, and 
back contact layer on the morphological and structural properties of the CZTS films are 
investigated. Observations of grain size changes and compositional modification are made 
and explained in terms of the likely secondary phases present.  
  v 
CZTS thin film solar cells were fabricated and the effects of chemical composition were 
studied both on the absorber layer properties and on the final solar cell performance. It is 
confirmed that CZTS thin film chemical composition affects the carrier concentration 
profile, which then influences the solar cell properties. Only a small deviation from the 
optimal chemical composition can drop device performance to a lower level, which 
confirms that the CZTS solar cells with high conversion efficiency existed in a relatively 
narrow composition region. 
Besides CZTS absorber chemical composition study, post deposition rapid thermal 
annealing (RTA) was conducted and its influence on solar cell performance was studied. 
It is observed that post deposition RTA would lead to an increase of device performance. 
Through C-V measurement results, we have shown that post RTA of CZTS solar cell 
affects the CZTS/CdS interfacial defect concentration and zero bias depletion depth, which 
means the defect-related charge at CZTS/CdS interface reduces and it improves Voc and 
the fill factor. 
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Chapter 1 
1 Introduction 
1.1 Importance of Renewable Energy, and Especially Solar Energy 
Ever since the Industrial Revolution took off in the 18th century, vast quantities of fossil 
fuels, such as coal, petroleum and natural gas, have been used to power the economy and 
it also led to significant development of science and technology. The development of 
drilling technology for oil wells in mid-19th century America led to mass-consumption of 
petroleum as a high specific energy fuel, powering transportation in the form of 
automobiles, ships, and airplanes, applied to generate electricity, used for heating and to 
provide hot water. 
The use of fossil fuels has been increasing in step with economic and population growth. 
They were prerequisites for the birth of a new industrial civilization that transformed our 
world. However, the total reserve of fossil fuels is limited while global energy 
consumption is increasing rapidly. Given the large pressure on energy crisis, increasingly 
severe environmental problems pushed the expanded exploitation of renewable energy 
sources world-widely. The main environmental problems are classified as water 
pollution, maritime pollution, solid waste disposal [2], hazardous air pollutants, ambient 
air quality, acid rain, stratospheric ozone depletion, and global climate change 
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(greenhouse effect). In principle, all of these can be solved or relieved by the use of 
renewable energy [3]. 
Renewable energy technologies convert direct or indirect effect of sunlight (wind, falling 
water, plant growth) and other effects (tides, heat of the earth’s core) into more useful 
forms of energy. These resources indicate a massive available energy potential, but only a 
small amount of them are being effectively used at current stage. Considering that they 
are usually diffusive, not fully accessible, and all have distinct regional variability, it is 
difficult to develop and apply these renewable energy resources.  Although there have 
been decades of studies in the field, further research is required to extract the full 
potential of these resources [2]. 
Solar energy technologies use direct sunlight to produce electrical energy. It is considered 
to be the most abundant and effective among all available renewable energy resources. 
Solar energy has already been theoretically and experimentally proved to be 
environmentally friendly if being used properly [4]. In fact, with 20% efficient solar cells 
covering only 0.1% of the earth’s surface would provide sufficient energy to satisfy the 
entire global electric energy demand [4].  
1.2 Brief History of Solar Cell  
The photovoltaic effect was first discovered by a French scientist, Edmond Becquerel, 
while he was experimenting with an electrolyte cell made up of two metal electrodes 
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placed in a conductive solution in 1839 [5]. In 1873 Willoughby Smith, an English 
engineer, discovered the photo conductive property of a selenium bar exposed to light 
during the passage of electrical current [6]. In 1876, William Grylls Adams and Richard 
Evans Day discovered that a junction between selenium and platinum produces electricity 
when exposed to light. Their fabricated selenium cells proved that light can be converted 
into electricity without heat or any mechanical moving parts [7]. Charls Fritts developed 
the first solar cell from selenium on a thin gold layer in 1883 [7]. In 1905, Albert Einstein 
published his paper on photoelectric effect and explained these phenomena theoretically 
[8]. He demonstrated the discrete nature of light in which electrons are emitted from a 
solid surface due to the quantized energy of the absorbed light called photons [8]. The 
minimum energy required to eject an electron from the solid is called work function, 
which is a characteristic of a material. 
Three American researchers, Gerald Pearson, Calvin Fuller and Daryl Chapin, at Bell 
Labs designed a silicon solar cell capable of 6% energy conversion efficiency under 
direct sunlight, which made 1954 a significant year in solar cell research. This was the 
first solar cell that could convert solar energy to produce usable power for electrical 
equipment. They created the first solar panel based on several serially connected silicon 
strips. This was the starting point of the commercial exploitation of the use of solar 
energy [7]. Solar cells have been used in space satellites since 1958 and in providing 
residential electricity since 1978. Due to its increasing efficiency and decreasing cost, 
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solar energy production is increasing and may be the ultimate solution for the worldwide 
energy crisis. 
1.3 Photovoltaic Fundamentals 
1.3.1 Solar Energy 
The sun is by far the most important energy source on earth and it is responsible for 
almost every aspects of our daily life. The temperature of the solar photosphere is about 
5778 K, while the temperature of the extremely dense and hot core is about 1.57×107 K 
where thermonuclear fusion happens and huge amount of energy is radiated [9]. At edge 
of the upper atmosphere of the earth, 174,000 terawatts (TW) of incoming solar radiation 
is received. Approximately 30% of the energy is reflected back to space. The rest is 
absorbed by atmosphere, oceans and lands and then re-radiated at a lower frequency [9]. 
Solar radiation nearly matches the spectrum of a broad band black body emitter. The light 
intensity decreases as it passes through the atmosphere because of scattering and 
absorption effects [10]. In order to characterize the solar spectrum after solar radiation 
has traveled through the atmosphere and test solar cells under standardized conditions, 
the air mass coefficient (AM) is defined.  
For a path length L through the atmosphere, for solar radiation incident at angle θ relative 
to the normal to the earth’s surface the AM coefficient is [11]: 
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                                                          𝐴𝐴𝑀𝑀 = 𝐿𝐿
𝐿𝐿0
≈
1
cos𝜃𝜃
                                                    (1.1) 
where L0 is the zenith path length (normal to the earth’s surface) at sea level and θ is the 
zenith angle in degrees. The AM coefficient value is thus dependent on several factors, 
such as time of the day, seasons of the year, and the latitude of the observer.  
Several common cases of AM number include [11]: 
1. AM0: meaning “zero atmosphere”, the spectrum outside the atmosphere, approximated 
by the 5778 K black body. 
2. AM1: meaning “one atmosphere”, the spectrum after traveling through the atmosphere 
to sea level with the sun directly overhead, θ = 0o. 
3. AM1.5: meaning “1.5 atmosphere”, corresponds to a solar zenith angle of θ = 48.2o, 
useful to represent a yearly average AM number for mid-latitude areas. It has been 
selected for the global standardized testing and rating of terrestrial solar cells and 
modules [12]. 
4. AM2~3: AM2 (θ = 60o) to AM3 (θ = 70o) is a useful range for estimating the overall 
average performance of solar cells installed at high latitudes or wintertime solar cell 
performance.  
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Solar radiation spectral power density (P) is defined as incident power per unit area per 
unit wavelength. The spectral distribution of solar radiation with different values of AM 
coefficient is shown in Figure 1.1 [13].  
 
Figure 1.1 Standard Solar Spectra for space and terrestrial use. (Source: Department of 
Energy National Renewable Energy Laboratory) 
The power density of the solar spectrum reduces in the IR region and is prominent at the 
shorter wavelengths, especially near 500 nm (2.48 eV). Figure 1.1 supports cells with an 
absorbing material at a band gap near to 2.48 eV, i.e. materials such as CdS (2.4 eV). But 
such cells experience lower photon flux. 
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In order to choose optimal absorbing materials for single junction solar cells, the photon 
flux density (Φ) also needs to be considered. It is defined as the number of incident 
photons per unit area per unit time.  
                                         𝑃𝑃 �𝑊𝑊
𝑚𝑚2
� = 𝛷𝛷 × ℎ𝑐𝑐
𝜆𝜆
= 𝛷𝛷 × 𝑞𝑞 1.24
𝜆𝜆
                                           (1.2) 
where Φ is measured in photons per m2-sec, q is the conversion factor for energy (1.6×10-
19 J/eV), and 𝜆𝜆 is measured in micrometers.  
The photon flux density of solar radiation is higher for larger wavelengths, especially in 
infra-red regions. In ultra-violet region, the power density is prominent but photon flux 
density is lower. Thus, wide band gap materials have fewer photo-generated electrons 
promoted to the conduction band resulting in a reduction in photocurrent but producing a 
higher solar cell output voltage. On the other hand, smaller band gap materials produce 
more current. However, the excess energy of incoming photons needs to be dissipated in 
the form of heat. 
The theoretical limit of the conversion efficiency of a single p-n junction solar cell was 
first calculated by William Schockley and Hans Queisser in 1961 and is known as the 
Shockley-Queisser limit. They reported a maximum efficiency of 30% with a single p-n 
junction with band gap 1.1 eV [14]. They suggested a range between 1 and 1.5 eV for a 
single p-n junction cell, but other researchers have proposed slightly different values [15, 
16]. 
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1.3.2 Photovoltaic Physics  
A solar cell, or photovoltaic cell, is a device that can convert direct solar energy to 
electrical energy in the form of voltage and current by the photovoltaic effect.  The 
fundamental four processes for photovoltaic energy conversion are [17]: 
1. Light absorption, which causes a transition in a material from ground state to an 
excited state when the incident photon energy is equal or larger than the absorber material 
bandgap. 
2. Conversion process, which converts the excitons to a free negative- and a free positive-
charge carrier pair. 
3. Separation process, which causes the free negative-charge carriers to move to the 
cathode and free positive-charge carriers to move to the anode. 
4. Recombination process, which causes the recombination of an arriving positive-charge 
carrier with a negative-charge carrier, thereby returning the material to the ground state.  
Usually, a p-n junction is required to help separate and transfer carriers to cathode and 
anode, respectively. P-n junctions can be classified as homogeneous, if the junction is 
made up of the same materials or heterogeneous, if the junction is made up of two 
different semiconducting materials. In order to study the characteristics of an absorbing 
semiconductor material, a diagram showing the allowed values of energy E versus the 
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propagation constant k, also called the carrier momentum (an E-k or band diagram), is 
quite useful [17]. For example, GaAs is a direct band gap semiconductor which means 
the lowest position of the conduction band aligns with the maximum value of the valance 
band at the same k value. As for silicon, an indirect band gap semiconductor, this occurs 
at different k values. This suggests that in GaAs, an electron can transition from the 
conduction band to the valance band without change in k, while in Si, a change in k and 
electron momentum is required. Direct band gap semiconductors absorb light more 
efficiently compared with the indirect materials. Therefore solar cells with indirect 
materials such as Si require a thicker layer for absorbing a given fraction of the incident 
radiation. This thick layer requires highly perfect material since recombination sites can 
reduce the performance of the solar cells if the absorber thickness becomes comparable to 
the minority carrier diffusion length. 
The performance of a solar cell can be characterized by the current-voltage (I-V) 
characteristic, the energy conversion efficiency (η𝑒𝑒𝑒𝑒𝑒𝑒), the short-circuit current (𝐼𝐼𝑠𝑠𝑐𝑐), the 
open-circuit voltage (𝑉𝑉𝑜𝑜𝑐𝑐), and a fill factor (FF). The ideal equivalent circuit of a solar cell 
is a constant-current source of photocurrent in parallel with a p-n junction, as shown in 
Figure 1.2. 
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Figure 1.2 The ideal equivalent circuit of a solar cell [18]. 
The source 𝐼𝐼𝐿𝐿 results from the excitation of excess carriers by solar radiation; 𝐼𝐼𝐷𝐷 is the 
diode saturation current and 𝑅𝑅𝑆𝑆 and 𝑅𝑅𝑆𝑆𝑆𝑆 are series resistance and shunt resistance, 
respectively. The total I-V characteristics of a solar cell under illumination is simply a 
summation of the dark current and the photocurrent, given as 
                                        𝐼𝐼 = 𝐼𝐼𝐷𝐷 �𝑒𝑒𝑒𝑒𝑒𝑒 �𝑞𝑞𝑞𝑞𝑘𝑘𝑘𝑘� − 1� − 𝐼𝐼𝐿𝐿 − 𝐼𝐼𝑆𝑆𝑆𝑆                                           (1.3) 
By setting 𝐼𝐼 = 0, we can obtain the open-circuit voltage (𝐼𝐼𝑆𝑆𝑆𝑆 is negligible if 𝑅𝑅𝑆𝑆𝑆𝑆 is large) 
                                     𝑉𝑉𝑜𝑜𝑐𝑐 = 𝑘𝑘𝑘𝑘𝑞𝑞 ln �𝐼𝐼𝐿𝐿+𝐼𝐼𝑆𝑆𝑆𝑆𝐼𝐼𝐷𝐷 + 1� ≈ 𝑘𝑘𝑘𝑘𝑞𝑞 ln �𝐼𝐼𝐿𝐿𝐼𝐼𝐷𝐷�                                        (1.4) 
While by setting 𝑉𝑉 = 0, we can obtain the short-circuit current 
                                                              𝐼𝐼𝑠𝑠𝑐𝑐 ≈ 𝐼𝐼𝐿𝐿                                                             (1.5) 
The output power is given by  
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                                           𝑃𝑃 = 𝐼𝐼𝑉𝑉 = 𝐼𝐼𝐷𝐷𝑉𝑉 �𝑒𝑒𝑒𝑒𝑒𝑒 �𝑞𝑞𝑞𝑞𝑘𝑘𝑘𝑘� − 1� − 𝐼𝐼𝐿𝐿𝑉𝑉                                  (1.6) 
The maximum output power operating point, 𝐼𝐼𝑚𝑚 and 𝑉𝑉𝑚𝑚, can be derived from the 
condition 𝑑𝑑𝑑𝑑
𝑑𝑑𝑞𝑞
= 0.  
The fill factor (FF) measures the sharpness of the I-V curve and is defined as 
                                                          𝐹𝐹𝐹𝐹 = 𝐼𝐼𝑚𝑚𝑞𝑞𝑚𝑚
𝐼𝐼𝑠𝑠𝑠𝑠𝑞𝑞𝑜𝑜𝑠𝑠
                                                            (1.7) 
The energy conversion efficiency is defined as the ratio of the maximum output power to 
the incident power 𝑃𝑃𝑖𝑖𝑖𝑖, 
                                                        𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑑𝑑𝑚𝑚𝑑𝑑𝑖𝑖𝑖𝑖 = 𝐼𝐼𝑚𝑚𝑞𝑞𝑚𝑚𝑑𝑑𝑖𝑖𝑖𝑖                                                   (1.8) 
Quantum efficiency (QE) indicates the ability of a solar cell to produce photocurrent 
when irradiated by photons of a certain wavelength. Integrating the product of the QE 
and the incident intensity over the solar radiation spectrum one obtains the current that a 
solar cell produces when exposed to sunlight. Two types of QE are commonly 
considered, internal quantum efficiency (IQE) and external quantum efficiency (EQE). 
IQE is defined as the ratio of the number of charge carriers collected by solar cell to the 
number of absorbed photons of a given energy. EQE is the ratio of the number of charge 
carriers collected by solar cell to the number of incident photons of a given energy.  
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                 𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑖𝑖𝑠𝑠 𝑠𝑠𝑒𝑒𝑐𝑐⁄
𝑝𝑝ℎ𝑜𝑜𝑒𝑒𝑜𝑜𝑖𝑖𝑠𝑠 𝑠𝑠𝑒𝑒𝑐𝑐⁄
= 𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒 𝑐𝑐ℎ𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒 𝑜𝑜𝑒𝑒 𝑜𝑜𝑖𝑖𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑖𝑖⁄
𝑒𝑒𝑜𝑜𝑒𝑒𝑎𝑎𝑒𝑒 𝑝𝑝𝑜𝑜𝑝𝑝𝑒𝑒𝑒𝑒 𝑜𝑜𝑒𝑒 𝑝𝑝ℎ𝑜𝑜𝑒𝑒𝑜𝑜𝑖𝑖𝑠𝑠 𝑒𝑒𝑖𝑖𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 𝑜𝑜𝑒𝑒 𝑜𝑜𝑖𝑖𝑒𝑒 𝑝𝑝ℎ𝑜𝑜𝑒𝑒𝑜𝑜𝑖𝑖⁄                  (1.9) 
                      𝐼𝐼𝐸𝐸𝐸𝐸 = 𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑖𝑖𝑠𝑠 𝑠𝑠𝑒𝑒𝑐𝑐⁄
𝑎𝑎𝑎𝑎𝑠𝑠𝑜𝑜𝑒𝑒𝑎𝑎𝑒𝑒𝑑𝑑 𝑝𝑝ℎ𝑜𝑜𝑒𝑒𝑜𝑜𝑖𝑖𝑠𝑠 𝑠𝑠𝑒𝑒𝑐𝑐⁄ = 𝐸𝐸𝐸𝐸𝐸𝐸1−𝑘𝑘𝑒𝑒𝑎𝑎𝑖𝑖𝑠𝑠𝑚𝑚𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑜𝑜𝑖𝑖−𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐𝑒𝑒𝑖𝑖𝑜𝑜𝑖𝑖                        (1.10) 
As described above, EQE is dependent on absorption of light and collection of carriers. It 
has a square shape in the ideal case. However, the real EQE value is reduced because of 
the carrier recombination and heat generation. EQE plots often provide important clues 
for determining the loss mechanisms in the device. 
1.4 Current Photovoltaic Materials and Cell Structures 
Since the birth of the first silicon solar cell in Bell Labs in 1954, researchers have studied 
various semiconductor materials as light absorber and tested different cell structures for 
higher efficient solar cell and lower cost. The first generation solar cells were single 
junctions based on wafers of single-crystal (c-Si) or multi-crystalline silicon (mc-Si). 
These cells are highly efficient and successfully commercialized, but Si has a relatively 
high price, associated with its indirect bandgap and large material wastage during wafer 
cutting. A large expenditure of energy in the manufacturing processes limits the further 
development of Si-based solar cells. The second generation is mainly thin film-based 
heterojunction cells made with CuInSe2, CdTe, Cu(InxGa1-x)Se2, and Cu2ZnSnS4. First 
generation and some of the second generation cells are available commercially. The third 
generation of cells utilize advanced features. Devices in this category include multi-
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junction structures, nanoparticle, dye sensitized, and organic photovoltaic cells. Recently, 
perovskite solar cells also receive worldwide attention and show great potential as a high 
efficiency, low cost solar cell choice. Researchers are still optimizing the performance for 
these second and third generation cells for higher conversion efficiencies and industrial 
mass-production. 
1.4.1 Si-Based Solar Cell 
The most commonly used semiconductor material is silicon, with its extensive 
application on chip manufacturing [19-21]. The silicon-based solar cell dominates 
approximate 90% of the photovoltaic market and is the most developed single junction 
solar cell in photovoltaic history. Most Si-based solar cells are single crystal Si, but 
multi-crystalline Si also has a large market share. Amorphous thin film Si has been 
manufactured, but its market share is declining due to its low efficiency. 
Single crystal Si (c-Si) based solar cells have achieved a single junction conversion 
efficiency of 25.6%, compared with the theoretical maximum efficiency of 30% [1]. 
After continuous research for about half century, various methods of growing c-Si have 
been developed. In the Czochralski method of c-Si growth [22], a single-crystal ingot is 
formed by pulling a single-crystal seed slowly from the high-purity melt. The ingots are 
then sawed into thin wafers about 200-400 μm thick and then polished, doped, and 
coated. The process of making the wafer slices which can produce a lot of wastage. This 
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method is very time consuming and also is limited by its high manufacturing cost, and 
necessary operating skills for pulling the crystal out from the melt. 
Multi-crystalline Si (mc-Si) based solar cells are less efficient than c-Si photovoltaic 
devices because of the existence of grain boundaries where more deep level traps and 
defects are found and the flow of electrons is hindered. The energy conversion efficiency 
for a commercial module made of mc-Si ranges between 10 to 20.8% [1]. Mc-Si solar 
cells are made from molten silicon poured into a mold container. The container is then 
cooled and the silicon solidified carefully to form square shaped polycrystalline silicon. 
There is less wastage of materials and it is a relatively easy and low-cost way of 
manufacture but is offset by lower cell efficiency. 
Amorphous Si (a-Si) was a promising candidate for thin films solar cells compared to c-
Si and mc-Si because of its higher absorption coefficient and small thickness required. 
The band gap of a-Si is near 1.5 eV which is close to the optimal value for theoretical 
maximum efficiency. A-Si can be deposited by a rather simple and low cost deposition 
process. Long range order of atoms is not present in a-Si, and the solar cell performance 
is lower compared to traditional c-Si solar cells. Stabilized efficiencies rarely exceed 
12%, making it noncompetitive for most applications. 
For c-Si and mc-Si solar cells the main disadvantage is the indirect band gap nature of the 
material. This requires more photons to provide energy for promotion of electrons from 
  15 
the valance band. The reduced absorption coefficient requires a thick layer of absorbing 
materials for effective light absorption. The thicker Si layer can have many 
recombination sites which in turn can reduce the overall efficiency. In order to reduce 
these defect sites, Si cells need high purity raw materials and high temperature growth, 
both of which require more money and effort, as discussed above. 
1.4.2 III-V Group Material Based Solar Cell  
Two common III-V materials for solar cell application are gallium arsenide (GaAs) and 
indium phosphide (InP). Direct band gap semiconductors, GaAs and InP have same zinc 
blende crystal structure, similar to that of silicon but with a reduced level of symmetry. 
Because of its large light absorption coefficient and larger bandgap than Si, GaAs solar 
cells have higher conversion efficiency with an absorber layer that is only several 
micrometers thick. The current record conversion efficiency for a GaAs solar cell is about 
28.8% and 22.1% for InP crystalline solar cells [1]. The GaAs solar cell is an ideal 
candidate for concentrator systems because its wide bandgap allows it to operate at 
higher cell temperatures. Meanwhile, its strong resistance to space radiation damage, 
lower temperature degradation effect and relative high cell efficiency make it a popular in 
space applications. The biggest disadvantage of III-V material based solar cells is the 
cost, thus it is mainly used in concentrator systems where only a small area of cells is 
needed. 
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1.4.3 Dye-sensitized Solar Cells (DSSC) 
The dye-sensitized solar cell (DSSC) has several components including a nanocrystalline 
semiconductor oxide film electrode, dye sensitizers, electrolytes, a counter electrode and 
a transparent conducting substrate. When photons are incident on the cell, the dye 
molecules are photo-excited and an electron is injected onto the conduction band of the 
semiconductor oxide electrode. Next an electron donated by the electrolyte restores the 
original state of the dye. The recapture of the conduction band electron by the oxidized 
dye is prevented by the regeneration of the sensitizer caused by iodide. In return, the 
iodide is generated by the decrease of tri-iodide at the counter electrode, and the circuit is 
carried out via electron flow through the external load [23]. As a result, permanent 
chemical transformation is not required for generating electric power. The breakthrough 
of dye-sensitized solar cell development was the use of sintered mesoporous titanium 
dioxide (TiO2) as the dye sensitized material. This produced a successful DSSC with an 
efficiency of 7.9% [24]. The current conversion efficiency of DSSC is in the range of 
10% to 15%. The main limiting factors of DSSC are the instability of the dye and cell 
degradation [25]. Another disadvantage of DSSC is the usage of a liquid electrolyte 
which has temperature stability issues [26].   
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1.4.4 Organic Photovoltaic Cells (OPVC) 
Typical organic solar cells are planer-layered structured, with an organic absorbing layer 
and two different electrodes. One of the electrodes must be transparent while the other 
electrode can be metallic [27]. When incident photons are absorbed by organic material, 
electrons are excited and injected to the Lowest Unoccupied Molecular Orbit (LUMO) 
and leaving holes in the Highest Occupied Molecular Orbit (HOMO). Besides the 
sandwiched structure, a multi-layer cell structure is often used in molecular solar cells. 
The photo-generation takes place at interfaces between electron donor and acceptor 
molecule interfaces [28]. One of the primary challenges for OPV is finding a way to 
efficiently separate the electron hole pairs (excitons) which are more tightly bound than 
in inorganic materials. As for organic solar cell fabrication, wet solution process and 
thermal evaporation of organic constituents are two main production techniques that are 
widely-used today. 
Organic solar cells have been studied for several decades. The best achieved conversion 
efficiency is about 11% reported by Toshiba in 2014 [1]. The low production cost of 
flexible photovoltaic devices with large area is the biggest driving force of the 
development of this technology [29]. However, cell conversion efficiency and stability 
still need to be greatly improved.  
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1.4.5 Thin Film Solar Cells 
The manufacture of solar grade silicon wafers is quite expensive and accounted for more 
than 50% of total cost of silicon solar modules [30] in 2007. Since then the cost of 
modules has decreased by 2 to 3x. There is not much room for further cost reduction in 
Si. Furthermore, Si is rigid, making flexible devices extremely difficult. Thin film solar 
cells are promising for terrestrial and space solar energy applications because of their 
versatility of device structure design and fabrication techniques [31]. Other than 
amorphous Si thin film PV, there are three main thin film solar technologies which have 
been widely studied and even commercialized [32]. There are: 
    1. Cadmium telluride based solar cells; 
    2. Copper indium diselenide CuInSe2 (CIS) / copper indium gallium selenide 
Cu(InxGa1-x)Se2 (CIGS) based thin film solar cells; 
    3. Copper zinc tin sulfide Cu2ZnSnS4 (CZTS) based thin film solar cells. (Details in 
Chapter 2) 
1.4.5.1 CdTe thin film solar cells  
Cadmium telluride (CdTe) is the dominant thin film alternative to silicon as of this 
writing. Due to its ability to use thin (~1µm) absorber layers, the cost of CdTe solar 
modules continues to drop. CdTe has a direct bandgap of ~1.5 eV which is close to the 
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optimal bandgap of light absorbers for single junction high solar energy conversion 
efficiency [33]. The high optical absorption coefficient of CdTe as well as its chemical 
stability make it an attractive photovoltaic material to both academic researchers and 
industry. The theoretical conversion efficiency limit for CdTe thin film solar cell is 
reported to be 28% - 30% [34] which is the highest among all the photovoltaic materials 
known today. Currently, First Solar’s top research CdTe solar cell has an efficiency of 
21.5%. It shows great opportunity for cell performance improvement through material 
development and manufacturing process optimization [35].  
The most common cell structure of CdTe solar cell is CdS/CdTe heterojunction, which 
shows very good electrical properties [36]. Even though the typical CdS/CdTe 
heterojunction structure has been a huge success in industrial mass production, there are 
still some limiting factors of this technology preventing its reaching the theoretical 
efficiency [33]: 
1. Short minority carrier lifetime caused by the recombination of electron-hole pairs 
at absorber defect centers and CdS/CdTe interface; 
2. Light absorption of transparent conductive oxide (TCO) and CdS window layer; 
3. Series resistance between CdTe layer and back contact; 
4. P-type CdTe doping instability; 
5. CdTe module reliability and long-term degradation concerns; 
6. Use of Cd limits sales in Europe and Japan. 
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CdTe technology is still very likely to continue to develop if it would address the 
challenges listed above. The CdS/CdTe thin film solar cell will be a major candidate for 
global low-cost photovoltaic technology in the future.  
1.4.5.2 CIS / CIGS Thin Film Solar Cell 
Copper indium diselenide CuInSe2 (CIS), with a bandgap of 1.04 eV, is also of great 
interest for low-cost thin film solar cell application. Due to its high photo absorption 
coefficient (>104 cm-1) and relative thermal stability in air, CIS was one of the most 
popular photo absorber materials in the 1980s and 90s [37]. CIS thin film solar cells with 
conversion efficiency larger than 10% were reported in 1984, and an improvement of 
efficiency to 17.8% was published in 1990s [38]. Later, researchers found that by 
replacing indium (In) with gallium (Ga), the material bandgap can be increased 
continuously from 1.04 eV for CIS to 1.68 eV for CuGaSe2 (CGS) films. The material 
bandgap can be tuned by partially substitution of Ga for In. Optimal performed solar cells 
have been fabricated by thin films with a bandgap of about 1.3 eV. These solar cells are 
commonly known as copper indium gallium selenide Cu(InxGa1-x)Se2 (CIGS) cells [38]. 
The reported highest CIGS terrestrial cell efficiency is 21.7% from ZSW [1]. Currently, 
CIGS thin film solar cells on flexible substrates with conversion efficiencies up to 17% 
[39] are successfully manufactured in industry and will be one of the most promising 
photovoltaic technologies in the future solar market.   
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1.4.6 Earth Abundant Thin Film Solar Cells: Motivations and Challenges 
As the most dominant commercialized thin film PV, CdTe and CIGS cells and modules 
have limited sustainability in the future because of the scarcity, cost, and toxicity of In, 
Ga, and Cd elements [40]. Thus, a search for alternatives of non-toxic, inexpensive, and 
earth-abundant solar materials is indispensable and necessary.  
A number of promising earth-abundant PV materials have attracted researchers’ 
attentions, including CZTS, Zn3P2, FeS2, and CuSbS2, as shown in Table 1.1 [40, 41]. 
These materials show considerable promise, and especially CZTS, which has reached an 
efficiency of ~10%, can be considered for commercialization [42]. There are some other 
promising materials synthesized using earth-abundant constituents, such as SnS, Cu2O, 
CuSn2S3 (CTS), and Cu2FeSnS4 (CFTS) that are still under consideration [40]. 
Table 1.1 Figure of merits of CZTS, Zn3P2, FeS2, and CuSbS2 toward a PV cell complied 
from the literature [43]. 
Property  CZTS  Zn3P2 [44] FeS2 CuSbS2 [41] 
Bandgap (eV) 1.5 1.5 0.95 1.38-1.5 
Absorption Coeff. (cm-1) > 104 > 104 3.3×105 > 104  
Electron Diff. Length  n/a 4-10 0.13-1 n/a 
Dark Resistivity ρ (Ω⋅cm)  1-39×103 2.5×103 1.43 n/a 
Carrier Mobility µ (cm2/Vs) 30 450 200-300 49 
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Zn3P2 is an important optoelectronic material synthesized from earth abundant elements. 
It exhibits favorable optoelectronic properties, such as an optimal bandgap of 1.5 eV for 
PV application, a large optical absorption coefficient (>104 cm-1), a long minority 
diffusion length for high current collection efficiency [45]. In the early 1980s and 90s, 
Zn3P2 was extensively studied [40]. Previous exploration of Zn3P2 thin film solar cells 
include Schottky contacts [46], p-n semiconductor heterojunctions [47], and liquid 
contacts [44]. However, the highest efficiency of Zn3P2 thin film solar cell was only 
around 6% [46]. Kimball et al. have done research on the influence of magnesium doping 
on Zn3P2 thin films [44]. Other researchers successfully synthesized Zn3P2 in both 
nanowire and thin film forms [40]. Research on the alternatives for a heterojunction 
partner material is still ongoing to improve Zn3P2 PV properties.  
FeS2 is non-toxic and also earth-abundant. It has a potential to produce low-cost high 
efficiency thin film solar cells due to its extremely high optical absorption coefficient 
(>105 cm-1) and optimal bandgap (0.95 eV) [40]. Since its bandgap is close to Si, the 
calculated theoretical conversion efficiency of a FeS2 thin film solar cell is close to 30%. 
The biggest challenge of this technology is creating phase pure iron disulfide. A number 
of iron sulfides exist in nature with various properties depending on different iron (Fe) to 
sulfur (S) ratios as well as crystal structures [40]. Only a small trace of sulfides with other 
phases will significantly reduce FeS2 PV performance. Thus, exploring various pure 
phase FeS2 synthesis techniques is quite important. 
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CuSbS2 and CuBiS2 compounds also show very promising optical and electronic 
properties and are considered as alternatives of thin film photovoltaic absorbers. Welch et 
al. reported an initial CuSbS2 solar cell with about 1% efficiency [48]. The solar cell 
performance is currently limited by low short-circuit current due to poor collection of 
photo-excited electrons, and a small open-circuit voltage due to a theoretically predicted 
conduction band offset between CuSnS2 and CdS [48]. Therefore, it is very critical to 
understand the fundamental physical properties of these CuXS2 (X=Sb, and Bi) 
compounds.  
Other earth abundant candidates, such as Cu2O, SnS, MoS2, WS2, CTS, and CFTS are 
also under investigation. Overall, these results illustrate the potential of the development 
of thin film PV devices with CZTS and other earth-abundant absorbers. Currently, CZTS 
is considered the most promising thin film material among all the earth abundant PV 
candidates.  
1.4.7 Perovskite Thin Film Solar Cell 
A new type of solar cells based on mixed organic-inorganic halide perovskites has 
attracted researchers’ attentions recently because of its unprecedentedly rapid 
development [49]. Perovskites have a crystal structure of ABX3 (X = oxygen, halogen). 
The fundamental technology for perovskite solar cells is solid-state sensitized solar cells 
which are based on dye-sensitized photovoltaic technology [50].  Organometallic halide 
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perovskites were used as visible-light sensitizer for solar cells and reached an efficiency 
of 3.8% in a CH3NH3PbI3-based cell in 2009 [51]. Later, a perovskite quantum-dot-
sensitized solar cell with an efficiency of 6.5% was reported [52]. Since the first efficient 
solid-state perovskite solar cell which was published in 2012, dramatically rapid progress 
has been made and cell efficiencies have been improved up to 18% in two years [50].  
Further improvement of cell performance can be achieved through cell structure 
modification and material development. Improving the material humidity-resistance and 
photo-stability is critical to their commercial development [53]. Finally, looking for other 
elements to substitute Pb is necessary to fabricate environmentally friendly perovskite 
solar cells [50].  
1.5 Efficiency Roadmap of Various Solar Cells  
The National Renewable Energy Laboratory (NREL) reports a plot of compiled values of 
highest confirmed conversion efficiencies for various photovoltaic technologies, from 
1976 to the present, as shown in Figure 1.3. 
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Figure 1.3 Latest research on solar-cell efficiencies from different institutions.  
(Source: Department of Energy National Renewable Energy Laboratory) 
Different types of cells are shown, moving toward to their theoretical limit with improved 
device techniques and manufacturing processes. These are research cell results. Where it 
exists, manufactured solar modules are typically ~60% of these record small-cell devices.  
1.6 Vision of This Project and Thesis Overview  
This project is mainly focused on the growth of Cu2ZnSnS4 (CZTS) thin films by post 
sulfurization of thermally evaporated Cu-Zn-Sn thin film metal precursors, as well as 
fabrication and characterization of CZTS heterojunction solar cells.  
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The biggest the challenge for growing CZTS is phase separation and defect formation. 
Some of the secondary phases alter the properties of the CZTS film in a negative way, 
such as enhancing recombination or forming insulating regions. For example, copper 
sulfides and copper tin sulfide (Cu2SnS3 or CTS) behave like metals. They promote 
recombination and reduce the current, or even shunt the solar cell [4]. Tin (IV) sulfide 
(SnS2) is an n-type semiconductor with a band gap of 2.2 eV [54]. Since this is a much 
wider gap than CZTS, it can act as an insulating phase, degrading electrical transport and 
limiting the area where electron-hole pairs will form, or in large amounts, could create a 
diode of opposite polarity to CZTS, forming an electrical barrier [4]. Additionally, the 
boundary between CZTS and the minority phase are likely to contain defects which can 
act as recombination centers. Zinc sulfide (ZnS) has a large band gap of 3.5-3.8 eV [55], 
which makes it also behave like an insulator. One possible crystal structure of zinc 
sulfide (sphalerite) is similar to that of CZTS, which means they share some peaks in x-
ray diffraction (XRD) measurements. Like zinc sulfide, CTS shares peaks with CZTS in 
XRD measurements, making them difficult to detect [4].  
Unfortunately, the energy required to form many defects and secondary phases in CZTS 
is very small and so they are difficult to avoid. To produce an optimal absorber film and 
make a photovoltaic device we need to achieve: (1) smooth and uniform films with large 
grains that are free of voids and cracks; (2) pure CZTS films with no secondary phases; 
(3) low cost and high efficiency in film deposition; (4) films with the correct carrier 
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concentration and a low trap density. CZTS thin film growth is optimized from four 
different aspects: 
1. Choice of substrate material; 
2. Sulfurization conditions, including sulfurization temperature, time; 
3. Thin film metal precursor stacking order; 
4. Back contact metal. 
In order to improve the efficiency of CZTS-based thin film solar cells, a deeper 
understanding of the fundamental properties and optimal preparation of CZTS material is 
important. Even though there is no consensus on which way is the best for the preparation 
of CZTS thin films [56], the process established here has the potential to promote the 
development of low-cost CZTS thin film solar cells.     
The second part of this work is CZTS thin film solar cell fabrication and characterization. 
CZTS solar cells we fabricated have a stack structure of Al/Ni/ITO/ZnO/CdS/CZTS/Mo-
coated SLG. Current-voltage (I-V) measurement, capacitance-voltage (C-V) 
measurement and external quantum efficiency (EQE) measurement are usually conducted 
to test and evaluate the cell performance.  
Through C-V measurement results, we have shown that CZTS thin film chemical 
composition affects its carrier concentration profile, which then influences the solar cell 
properties. Only a small deviation from the optimal chemical composition can reduce 
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device performance, which confirms that the CZTS solar cells with high conversion 
efficiency exist in a relatively narrow composition region. It is also shown that fine 
tuning the CZTS thin film microstructure morphology and structural properties by 
adjusting metal precursor stacking order influences solar cell performance. 
Various techniques have been used to improve CZTS solar cell performance besides 
tuning the thin film morphology and chemical composition, such as testing different 
methods of CZTS synthesis, adjusting the window layer materials and top contact 
deposition, trying different back contact materials and controlling or modifying material 
interfaces. As the CZTS cell structure is a carryover from CIGS solar cells, it is 
convenient to refer CIGS cells when studying CZTS solar cells. Post rapid thermal 
annealing (RTA) has been investigated in CIGS cells where it has shown a significant 
increase in device performance while preserving the film composition and microstructure 
morphology [57]. RTA is usually conducted at high temperatures and fast ramping rate to 
keep a low thermal budget. It has been widely used to activate dopants while minimizing 
diffusion in thin film and semiconductor manufacturing industries [57, 58]. Previous 
researchers have found that post deposition RTA treatment will improve carrier 
concentration and mobility and then significantly enhance solar cell performance in CIGS 
[57]. It has also been reported that the use of RTA will remove copper selenide (Cu2-xSe) 
compounds from the surface layer [59]. The motivation of this part of work is to apply 
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the RTA technique to CZTS thin film solar cells to study the relationship between post 
RTA conditions, CZTS/CdS interfacial defect concentration and solar cell performance. 
In summary, this research could begin to fill the gap between CZTS material 
development and solar cell performance improvement and link the material properties to 
CZTS solar cell characteristics. As with all of the theoretical and experimental study on 
CZTS material and solar cells, this work could help establish a standardized evaluation 
system with respect to CZTS-based thin film solar cell characterization. Photovoltaic 
cells and modules are proving to be very promising and a potentially ultimate solution to 
energy crisis issue and chalcopyrite thin film solar cell technology is generally 
recognized to be leading in this field.  
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Chapter 2 
2 Cu2ZnSnS4 (CZTS) Photovoltaic Technology Review 
Concerns about the ability of thin film photovoltaics to produce terawatts of energy, since 
they are currently based on scarce elements, have prompted the search for alternative 
earth-abundant non-toxic light absorbers. Among the thin film absorbers, copper based I-
II-IV-VI semiconductors, especially the direct band gap semiconductor Cu2ZnSnS4 
(CZTS) has attracted considerable interest. CZTS is the I2-II-IV-VI4 quaternary 
compound semiconductor formed by substituting the selenium with sulfur, the rare metal 
indium with zinc and tin in a 1:1 ratio in CuInSe2 (CIS) ternary compound [60]. Note that 
unlike In and Ga in CIGS, Zn and Sn are not isoelectronic. Each has a distinct ideal 
position in the CZTS lattice. All of the components of CZTS are earth-abundant and have 
extremely low toxicity [61]. Polycrystalline CZTS films are p-type with a band gap of 
1.4-1.5 eV, close to the optimum value for single-junction solar energy conversion. 
Katagiri et al. reported the first CZTS thin film solar cell with an efficiency of 0.66% in 
1997 [62]. The best efficiency so far for pure sulfide phase CZTS submodule with 
antireflection coating is 9.2%, reported by Solar Frontier [42] and 8.4% for a single cell 
[63]. It was also found that partially replacing sulfur by selenium to form Cu2ZnSn(SxSe4-
x) (CZTSSe) helps to improve solar cell performance [64]. With decades of effort from 
researchers worldwide, the best performing CZTSSe thin film solar cell was fabricated by 
solution method with an efficiency of 12.6% from the IBM photovoltaic research group 
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[65]. Mitzi et al. clearly report the importance of the depletion width on the carrier 
collection efficiency of a cell. Further improvement of solar cell performance is 
dependent on further increase of open-circuit voltage Voc [65].  
2.1 CZTS Crystal Structure, Defects, and Secondary Phases 
CZTS is a mineral which has been found in nature [66]. It is I2-II-IV-VI4 quaternary 
semiconductor compound which has the kesterite (space group 𝐼𝐼4�) and the stannite (space 
group 𝐼𝐼4�2𝑚𝑚) structures [67] due to the different ordering of Cu and Zn atoms (Figure 
2.1). Chen et al. conducted first principle calculations and reported that the kesterire 
structure has a lower energy and should be more stable than the stannite structure [68]. 
However, the crystal energy of the stannite structure is only slightly higher (2.86 
meV/atom) than that of the kesterite structure, which suggests that both forms can coexist 
[68]. The coexistence of the kesterite and stannite structure might be able to explain the 
disorder between Cu and Zn sites observed experimentally [69]. The formation of the 
stannite structure might be one reason for the relatively low open-circuit voltage (Voc) 
found in kesterite solar cells, because the stannite structure is predicted to have a smaller 
bandgap than the kesterite CZTS [69]. 
It is relatively difficult to distinguish crystal structure of kesterite CZTS. Since Cu+ and 
Zn2+ are isoelectronic, X-ray diffraction cannot differentiate between the kesterite and 
stannite structure. A comprehensive neutron diffraction study can be useful, but such 
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facilities are difficult to access. Raman scattering, which measures molecular vibrational 
information is used in this project to further identify CZTS crystal structure.  
 
Figure 2.1 Kesterite (left) and stannite (right) structure of CZTS; large yellow spheres: 
S and Se; small spheres: blue, Cu; yellow, Zn; red, Sn. Taken from [67]. 
Defects will affect the doping level, band structure, recombination properties, and the 
device performance of solar cells. Similar to chalcopyrite CIGS, kesterite CZTS is also 
doped by intrinsic defects and has always been reported as p-type [67]. It is well-known 
that the Cu vacancy (VCu) is the dominant acceptor defect in CuInSe2 and CIGS [70-72]. 
It is natural to assume if VCu is also the dominant defect in CZTS.  
Chen et al. did some nice theoretical work to clarify which defects mainly contribute to 
the widely-observed p-type conductivity in CZTS [73]. First-principle theoretical 
calculations of the formation-energy and the transition-energy for several point defects 
and defect complexes in CZTS were conducted. From their study, the formation of 
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intrinsic defects is directly related to the chemical composition of the films and the 
formation of secondary phases (Figure 2.2) [73].  
 
Figure 2.2 The formation-energy of intrinsic defects in CZTS as a function of Cu atomic 
composition. A, B, C, D, E, F, G are different chemical potential points in the stable region 
of CZTS. Taken from [73]. 
Being a quaternary semiconductor compound, CZTS has three kinds of cations, giving 
more possible antisite defects. As shown in Figure 2.2, among all these intrinsic defects, 
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antisites CuZn, CuSn, ZnSn, and vacancy VCu have lowest formation energies. To be more 
specific, CuZn has the lowest formation energy in both Cu rich and Cu poor composition 
regions, which means CuZn antisite is the dominant intrinsic defect in quaternary CZTS. 
One of the reasons for this behavior is the small difference in both size and valence of the 
antisite cations, such as Cu and Zn which are next to each other on the periodic table. The 
antisite CuZn can have a smaller formation energy than VCu. This is different from the 
behavior of chalcopyrite CuInSe2 and CIGS where the VCu is the dominant defect. Also, 
all of the donor defects have higher formation energies, which makes it hard to grow 
CZTS with n-type conductivity [73]. 
The passivation of active point defects through forming defect complexes is a common 
issue in chalcopyrite thin film absorbers. For example, [2𝑉𝑉𝐶𝐶𝑐𝑐− + 𝐼𝐼𝐼𝐼𝐶𝐶𝑐𝑐2+]0 in CuInSe2 
exhibits an electrically benign character even with high degrees of deviation from 
stoichiometry and defects density [74]. Similarly, defect complexes can also be found in 
CZTS thin film absorbers. According to the calculated formation energy of point defects 
shown in Figure 2.2, 𝐶𝐶𝐶𝐶𝑍𝑍𝑖𝑖− , 𝐶𝐶𝐶𝐶𝑆𝑆𝑖𝑖− , 𝑍𝑍𝐼𝐼𝑆𝑆𝑖𝑖− , 𝑉𝑉𝐶𝐶𝑐𝑐− , and 𝑉𝑉𝑍𝑍𝑖𝑖−  related defect complexes have 
lower formation energies and therefore have a higher possibility to exist in the quaternary 
CZTS system. The researchers also investigated the influence of these defect complexes 
on CZTS thin film properties and also solar cell performance. It is found that [𝐶𝐶𝐶𝐶𝑍𝑍𝑖𝑖− + 𝑍𝑍𝐼𝐼𝐶𝐶𝑐𝑐+ ]0 is the easiest to form because of the smaller chemical and size difference 
between Cu and Zn. However, the [𝑉𝑉𝐶𝐶𝑐𝑐− + 𝑍𝑍𝐼𝐼𝐶𝐶𝑐𝑐+ ]0 defect pair which can be formed under 
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Zn-rich and Cu-poor conditions proved to be beneficial to maximizing the CZTS solar 
cell performance [74]. Another reason to choose Zn-rich and Cu-poor condition to grow 
CZTS thin film for photovoltaics is to suppress the formation of CuZn and enhance the 
formation of VCu [74].  
As a quaternary semiconductor, CZTS is more complex than the common binary simple 
semiconductors. The increasing number of elements also increases the degrees of 
chemical composition and structure. It is quite critical to obtain the desired thin film with 
specific composition and avoid the formation of binary and ternary secondary phases. To 
be specific, binary compounds such as Cu2-xS, ZnS, SnS, SnS2 and ternary phase Cu2SnS3 
are commonly found in CZTS thin films when the film composition varies with various 
deposition conditions. It is found to be very hard to grow single phase CZTS because of 
the narrow range of the optimal deposition conditions [73]. As a result, looking for an 
optimal deposition method for high quality CZTS thin film is quite urgent. 
2.2 Typical CZTS Synthesis Methods 
Since CZTS was first studied by Kentaro et al. in 1988 [75], CZTS thin films have been 
prepared by various methods, including both vacuum and non-vacuum processes. 
Techniques such as spray pyrolysis [76], e-beam evaporation [62], thermal evaporation 
[77], sputtering [78], chemical vapor deposition [79], electrochemical deposition [80], 
screen printing [81, 82], and the sol-gel method [83] have been used. Different kinds of 
issues arise depending on the deposition method. These include thin film morphology, 
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crystal structure and electrical and optical properties. For example, Fernandes et al. have 
demonstrated several problems when growing CZTS, such as poor film quality, weak 
adhesion to back contact metal layer (Molybdenum), and Cu2-xS secondary phase’s 
appearance [84].  Katagiri et al. did much of the early work and many of the problems 
they identified remain as significant barriers to efficient energy conversion [56]. Here 
major methods of CZTS synthesis and appeared issues are reviewed, as well as the 
measures that have been taken to improve the CZTS thin film deposition process.  
2.2.1 Vacuum Techniques 
The most common vacuum techniques for CZTS deposition can be sub-classified as 
sputtering and evaporation. In general, these approaches will provide better uniformity 
over a large area, easier control of chemical composition of the thin films, and good 
reproducibility.   
Sputtering deposition has been widely used to deposit high quality thin films in both 
academic research and industry.  CZTS thin films can be deposited by two different 
approaches: a single step co-sputtering process, or a two-step process with a deposition of 
either metallic precursors Cu/Zn/Cu or metal sulfide precursors Cu/ZnS/SnS and an ex-
situ sulfurization process.  
In 1988, Ito and Nakazawa published the first synthesis of CZTS by sputtering [75]. In 
this method, a target which was composed of a synthesized powder of all the elements in 
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the quaternary compound was sputtered. The film showed a light absorption coefficient 
larger than 1×104 cm-1 in the visible range and a bandgap around 1.45 eV. A 
heterojunction diode which was fabricated using this CZTS thin film showed an open 
circuit voltage of 165 mV under AM1.5 illumination [75]. However, the sputtering of a 
quaternary compound target suffers from difficulty in controlling the film’s chemical 
composition and its electrical and optical properties. Later, Kyoo-Ho Kim et al. tried to 
use a cold-compressed sputtering target composed of finely mixed Cu2S, ZnS and SnS2 
for CZTS deposition [85]. It was possible to control the CZTS film composition by 
tuning the atomic ratio of the sulfides. In order to achieve a more precise control of CZTS 
chemical composition, a suitable CZTS deposition technique was required. In 2005, 
Tanaka and Ogawa et al. [86] reported a two-step deposition with a sequential sputtering 
of metal elements and a post annealing in a sulfur-containing atmosphere. This technique 
was utilized to obtain CZTS thin films with good optical and electrical properties. 
Previously, the metallic precursor deposition vacuum was separated from the post-
annealing chamber, and precursors suffered from being oxidized and contaminated by the 
air [87]. Katagiri et al. proposed an inline-type vacuum apparatus for three RF sources 
co-sputtering and vapor phase sulfurization. By optimizing CZTS deposition and film 
compositional ratio, an efficiency of 5.74% was obtained [87]. In 2011, Katagiri and 
Jimbo et al. [88] prepared a CZTS compound target with the preferable composition for a 
single sputtering followed by sulfurization. A solar cell with an efficiency of 6.48% was 
achieved in this study. Single sputtering of a quaternary compound target has been 
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studied rigorously to reduce the manufacturing cost, but further efforts will be needed to 
improve device performance [89-91].  
Among conventional vacuum deposition techniques, sputtering has many advantages 
such as precise control of film composition, less contamination from the vacuum 
chamber, high uniformity of film morphology, and convenience for large scale film 
deposition [60]. Sputtering is currently one of the most promising techniques for CZTS 
thin film deposition. However, there are also some drawbacks for the sputtering method.  
Evaporation techniques are being used to deposit CZTS thin film absorbers due to its 
good control of film chemical composition and convenience to operate. Various 
evaporation techniques can be employed for the deposition of CZTS thin films, such as 
electron beam (E-B) evaporation, co-evaporation, and thermal evaporation [77, 92-94]. 
Similarly to the sputtering technique, CZTS thin films are evaporated by two different 
approaches: (i) a single step simultaneous deposition of all precursors followed by 
annealing; (ii) a two-step process with sequential deposition of metallic precursors 
Cu/Zn/Sn or Cu/ZnS/SnS and an ex-situ sulfurization. A similar approach to that used in 
sputtering is used for the sulfurization of deposited precursors by evaporation, but with 
varying sulfurization temperature and time durations.  
Katagiri et al. synthesized CZTS thin films by using sulfurization of E-B evaporated 
metallic precursors in 1997 [62], and a solar cell was fabricated with a structure of 
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Al/ZnO/CdS/CZTS/Mo/SLG substrate. An open circuit voltage of 400 mV was obtained, 
however the conversion efficiency was very low (0.66%) [62]. Later, CZTS thin films 
were successfully synthesized by sulfurization of E-B evaporated stacked metallic 
precursors, as reported by Araki et al. [92]. Six precursors with different stacking orders 
were tested and the best conversion efficiency 1.79% was obtained in cells with a 
stacking order of Mo/Zn/Cu/Sn [92]. Wang and Mitzi et al. carried out detailed studies on 
film microstructure, secondary phases and grain boundary properties of CZTS thin films 
deposited by sulfurization of thermal-evaporated metallic precursors [95]. The 
importance of controlling the precursor composition and the stoichiometry of CZTS films 
to achieve better solar cell performance was emphasized. Co-evaporation has also been 
investigated to synthesize CZTS thin films for photovoltaic applications but further study 
is required to obtain higher conversion efficiency [96, 97].  
2.2.2 Non-vacuum Techniques 
For the past few decades, CZTS thin films have been successfully deposited mostly by 
vacuum deposition techniques. However, vacuum techniques suffer from a high 
deposition cost, high energy consumption, and low material utilization. Researchers have 
begun to search for cheaper ways to grow CZTS thin films. The majority of non-vacuum 
techniques, such as spray pyrolysis deposition, electrochemical deposition, sol-gel 
deposition, ink-based deposition, and solution-based deposition, offer simple, low cost 
deposition of uniform CZTS thin films. 
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Spray pyrolysis deposition is widely used to deposit thin films due to its easy handling 
and simplicity in fabrication [98]. Researchers have tried to deposit CZTS thin films 
using this method due to its advantages such as good reproducibility on large scale and 
ease of scaling to industrial applications [81]. The experimental procedure of spray 
pyrolysis is simple and easy to operate, and high-cost vacuum and gas protection 
equipment are not required. Rezig et al. investigated spray pyrolysis deposition 
conditions to optimize CZTS thin film properties for solar cell fabrication [98]. CZTS 
was synthesized by spraying of copper chloride (CuCl2), zinc chloride (ZnCl2), tin 
chloride (SnCl2) aqueous solutions and thiourea on heated glass substrates at various 
temperatures. Based on their experimental results, CZTS thin films achieve better optical 
properties if the substrate temperature is controlled between 500 oC and 650 oC in 
pyrolysis [98]. 
Electrochemical deposition is a widely-used technique for the low cost deposition of 
various semiconductor thin films in both small scale research and large scale industrial 
applications. CZTS thin films have been deposited using two different approaches: a 
single step electrochemical deposition followed by annealing, or sequential electroplating 
of metallic precursors and an ex-situ sulfurization. It was reported that 8% efficiency 
CZTS thin film solar cells were successfully fabricated by electrochemical deposited 
metallic precursors followed by a post sulfurization [99]. A preheating treatment of 
precursors before the high temperature sulfurization was found to be beneficial to obtain 
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final high quality CZTS thin films [99]. Electrodeposition is a low temperature process 
without residual thermal stress between thin films and substrates. Because it is a solution-
based deposition technique, good interface bonding and better uniformity over various 
surfaces can be obtained. Also, film thickness, chemical composition, crystalline 
structure and porosity can be precisely controlled [100].  
The sol-gel based spin coating technique is a very simple, low cost method of preparing 
different semiconductor thin films. This technique basically involves the preparation of 
sol-gel precursor, and then spin coating of precursor solution on the substrate to form thin 
films. As it is well developed in industry, this type of direct liquid deposition approach 
including solution, particle and mixed particle-solution precursors is of great interest for 
large area manufacturing [83, 101]. Tanaka et al. published a sol-gel method of using 
dimethyl alcohol as the solvent and the ethanolamine as the stabilizer to make sol gel 
with cupric acetate, zinc acetate, and tin chloride (SnCl2). Spin coating was repeated 5 
times and the sample was annealed at 300 oC for 5 minutes in the air and then at 500 oC 
for an hour in an atmosphere of 5% H2S in N2 to form CZTS [102]. Later, CZTS thin film 
solar cells with an efficiency of 1.01% were obtained by improving the approach [103]. 
Tanaka et al. achieved CZTS solar cell with an efficiency of 2.03% by optimizing film 
composition in 2011 [104]. Todorov and Mitzi et al. published a device with an 
efficiency of 9.6% by spin-coating a hydrazine solution in 2010 [105].  
  42 
Similar to other solution-based deposition techniques, the sol-gel method requires very 
simple process equipment without vacuum conditions. It is also convenient to deposit 
uniform thin films over large areas with effectively controlled film composition and 
microstructure. However there are also some drawbacks such as the high price and 
probable toxicity of organic raw materials, and the long process time usually needed for 
sol gel deposition [83].   
2.3 Introduction to CZTS / CdS Solar Cells  
The most widely studied CZTS thin film solar cell is made from a stack structure of 
Al/Ni/ITO/zinc oxide (ZnO)/cadmium sulfide (CdS)/CZTS/Molybdenum-coated (Mo-
coated) soda-lime glass (SLG). This sequence is a carryover from CIGS solar cells. As a 
result, it is convenient to refer to CIGS cells when studying CZTS solar cells.  
2.3.1 Substrates 
Substrates have a strong influence on deposited material growth and properties, since 
various substrate characteristics, such as surface roughness, substrate composition, 
thermal expansion and stability, can be taken into consideration [106]. Reducing material 
and manufacturing cost, and the requirements of the intended application are other 
reasons that lead to optimal substrate choices. For example, soda-lime glass (SLG) is one 
of the most widely-used substrate for CIGS and CZTS thin film solar cells in the lab. 
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However, flexible polymer and metals are more popular in industrial manufacture for 
large area PV modules and applications such as building integrated PV [106].  
SLG is chosen as almost an ideal substrate for CIGS thin film solar cells for several 
reasons. SLG has lower price and relatively high sodium (Na) composition which 
provides Na to the CIGS/CZTS films by thermal diffusion during crystal growth. It is 
widely reported that Na diffusion is beneficial to CIGS grain growth as well as the solar 
cell performance [106-111]. Based on a study on Na diffusion and its effects, Yun et al. 
reported that a thick layer of Na/Mo can be deposited on stainless steel to provide extra 
Na for CIGS absorber growth for large scale manufacture of high efficiency CIGS solar 
cells on a flexible substrate [112]. With the extra Na layer, lower leakage current of the 
absorber was observed.  
Due to the success of SLG in CIGS thin film solar cells, SLG has also been used as the 
most common substrate in CZTS solar cells [56, 84, 92, 93, 113, 114]. The effect of SLG 
on CZTS grain growth and solar cell performance will be discussed later in this thesis. 
2.3.2 The Window Layer  
The buffer layer in a heterojunction thin film solar cell is primarily used to form a p-n 
junction with the absorber layer. It should be thin and wide gap to admit a maximum 
amount of light to the junction region and absorber layer [31]. To improve solar energy 
conversion efficiency, this layer should also have minimal recombination losses to drive 
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out the maximum number of photo-generated carriers, and a minimum of electrical 
resistance to maximize the fill factor. Therefore, window layer with higher bandgap and 
smaller thickness is desired for high optical throughput and low series resistance [31]. It 
is also important to minimize the potential ‘spike’ in the conduction band at the 
heterojunction for optimal minority carrier transport. 
The CZTS thin film solar cells typically use a chemical bath deposited (CBD) CdS 
window layer. It is reported that CdS deposited by CBD surpasses that deposited by a 
physical vapor deposition (PVD) technique, for providing a superior device performance 
[115]. One of the reasons is due to the enhancement in the interface chemistry between 
light absorber and window layer during the CBD process. As in CIGS technology, there 
are multiple effects. The chemical bath removes the natural oxides from the absorber film 
surface. Meanwhile, Cd diffuses into the Cu-poor surface layer of the CIGS thin films 
[116]. There are indications that Cu diffuses out of the absorber during CBD increasing 
the vacancy concentration. Cd is also believed to diffuse into the absorber surface and, at 
least in CIGS, may act as a donor, changing the band bending near the interface. The 
other reason that CBD films may be preferred is the step coverage of the film, which is 
very nearly conformal. This permits the deposition of thinner CdS layer which provides 
good surface coverage over the rough polycrystalline CIGS films [117, 118]. These 
benefits all apply to Cu-poor CZTS thin film solar cell fabrication as well.  
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CdS has a relatively small bandgap (2.4 eV). This is responsible for the decreased blue 
response in EQE spectrum [119]. This effect can be reduced by using thinner CdS films. 
Alternatively, it is also applicable to mitigate the effect and improve optical transmission 
by switching to a wider bandgap window layer such as Cd1-xZnxS [120-122]. With the 
doping of Zn, Cd1-xZnxS has a larger bandgap but also a higher resistivity. As a result, it 
is possible to optimize the Zn compositional ratio, optical transmission, resistivity and 
film thickness of the window layer by tuning the chemical precursors and CBD 
deposition conditions and obtain higher solar cell performance [122].   
Considering the toxicity of Cd, several environmentally friendly wide-bandgap window 
layer candidates such as ZnS and ZnS(O, OH) (Eg = 3.7 eV) are currently being 
investigated to replace CdS [119, 123]. To better integrate the heterojunction formation 
into in-line fabrication process, much research work has been done to replace the CBD 
deposition by a PVD process [119, 124, 125]. However, the CBD-ZnS/CZTS thin film 
solar cell has a conversion efficiency of 5.82% [126], while an efficiency of only about 
2% was achieved for the PVD-ZnS/CZTS solar cell [119] which is much lower than the 
best CdS/CZTS devices. Further study is required on the development of a Cd-free 
window layer for CZTS thin film solar cells.  
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2.3.3 Back contact   
Molybdenum (Mo) is the “historical” back contact choice for both CIGS and CZTS thin 
film solar cells. The most important requirements of a good back contact material are 
[127]: (i) it can form a low-resistance contact with the absorber layer; (ii) the contact 
should be non-rectifying; (iii) the contact should be stable under low term worst-case use 
conditions. Other requirements include good adhesion to both the substrate and the 
absorber, low film stress, high optical reflectance and high stability during post high 
temperature absorber growth process [114].  
Based on these fundamental qualifications, many metals have been tested as potential 
back contact candidates for CIGS thin film photovoltaics technology [127], including 
tungsten (W), Molybdenum (Mo), Chromium (Cr), Tantalum (Ta), Niobium (Nb), 
Vanadium (V), Titanium (Ti), and Manganese (Mn). Even though it shows a very high 
optical reflection, Ag cannot be utilized directly as back contact because of its high 
mobility in CIGS. The analysis of absorber materials and solar cell performance shows 
that only W, Mo, Ta and Nb are inert during CIGS deposition [127]. While this may be 
somewhat different in CZTS, there four would have to be considered as leading 
candidates.  
Currently, Mo is the most widely used back contact material for CZTS thin film 
photovoltaics in view of the previous study on CIGS devices. Sputtering is commonly 
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used to deposit Mo thin films on the SLG substrate. In order to achieve an adhesive and 
low resistive back contact layer with low stress, a bi-layer Mo deposition was proposed 
[128]. In this thesis, a detailed demonstration of bi-layer Mo deposition will be 
emphasized and its beneficial influence on CZTS thin film solar cell performance will 
also be discussed. Other than Mo, several other metal materials are tested for the 
candidacy as back contact materials for CZTS photovoltaic technology as well.  
2.3.4 Interfaces 
Two critical interfaces in CZTS thin film PV technology are the back interface between 
Mo back contact and CZTS absorber and the interfacial layer (p-n interface) between 
CZTS absorber layer and CdS window layer. For most solar cells, device performance is 
strongly influenced by these two interfaces.  
This brings us to a discussion of Mo/CZTS interfacial layer and the formation of MoS2 
during CZTS growth. In this project, CZTS is deposited using a two-step processing, ie, 
the deposition of metallic precursors followed by a post sulfurization process. The reason 
for doing an ex-situ sulfurization is that high sulfur (S) partial pressure and high 
temperature is required to suppress the decomposition reaction of CZTS that may occur 
during the growth [114]. However, another decomposition process has been investigated 
between CZTS absorber layer and back contact Mo during sulfurization [114]:  
         2𝐶𝐶𝐶𝐶2𝑍𝑍𝐼𝐼𝑍𝑍𝐼𝐼𝑍𝑍4 + 𝑀𝑀𝑀𝑀 𝑆𝑆𝑖𝑖𝑎𝑎ℎ 𝑘𝑘𝑒𝑒𝑚𝑚𝑝𝑝�⎯⎯⎯⎯⎯⎯� 2𝐶𝐶𝐶𝐶2𝑍𝑍 + 2𝑍𝑍𝐼𝐼𝑍𝑍 + 2𝑍𝑍𝐼𝐼𝑍𝑍 + 𝑀𝑀𝑀𝑀𝑍𝑍2                (2.1) [129] 
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                                   2𝑍𝑍𝐼𝐼𝑍𝑍2 + 𝑀𝑀𝑀𝑀 𝑆𝑆𝑖𝑖𝑎𝑎ℎ 𝑘𝑘𝑒𝑒𝑚𝑚𝑝𝑝�⎯⎯⎯⎯⎯⎯� 2𝑍𝑍𝐼𝐼𝑍𝑍 + 𝑀𝑀𝑀𝑀𝑍𝑍2                              (2.2) [130] 
                                         𝑀𝑀𝑀𝑀 + 𝑍𝑍2 𝑆𝑆𝑖𝑖𝑎𝑎ℎ 𝑘𝑘𝑒𝑒𝑚𝑚𝑝𝑝�⎯⎯⎯⎯⎯⎯�𝑀𝑀𝑀𝑀𝑍𝑍2                                             (2.3) [130] 
The majority of MoS2 exists in hexagonal crystalline form which has a “sandwich” 
crystal structure with one planar hexagonal layer of Mo atoms interspersing between two 
layers of S atoms [131]. Such MoS2 layer could influence not only the electrical 
properties of the contact, but also the adhesion of CZTS thin film to Mo back contact 
layer. 
The reactions shown above can be self-limiting if the accumulation of reaction products 
at the interface creates a battier to further reaction. As a result, it is suggested that a high 
temperature and an external pressure of S vapor can be used to suppress further reactions 
between CZTS and Mo layer by the rapid formation of MoS2. An inert layer can be 
deposited between CZTS and Mo layer to prevent rigorous chemical reaction at the 
interface. As was previously reported [114], a TiN barrier layer was utilized to passivate 
interface reaction between Mo and CZTS layer, and Na transport from the substrate was 
not influenced. The drawback of this technique is the high series resistance of TiN/CZTS 
contact. Therefore, further study is needed to develop low resistive inert back contacts. 
Then more flexible and less complicated CZTS synthesis methods by using lower 
chalcogen pressures can be achieved.  
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As for the interfacial layer between the CZTS absorber and the CdS window layer where 
the defects and deep-level traps need to be minimized to reduce the interfacial 
recombination [132]. The interfacial properties are largely dependent on the CdS 
deposition techniques. A deficit of open-circuit voltage (Voc) of the PVD-CdS CIGS solar 
cells was observed, and this was attributed to defects created by a large lattice mismatch 
between CIGS and CdS [133]. While, the CBD-CdS/CIGS interface was found to be less 
abrupt due to Cu diffusion into CdS layer as well as the Cd incorporation into the 
absorber layer. This inter-diffusion leads to an inversion of the CIGS surface and then a 
decrease in interfacial recombination [134]. It was also observed in CZTS thin film solar 
cells that a Cd and Zn diffusion taking place at the CBD-CdS/CZTS interface [135, 136]. 
Thus, one could argue that a higher Voc is attributed to a better junction formation at the 
CBD-CdS/CZTS interface. 
Other than optimizing the CdS/CZTS interface by choosing CBD deposition techniques, 
some other approaches have been investigated as well. For example, selective chemical 
etching of the absorber prior to CdS deposition to minimize the interfacial defects was 
studied [137]. Also, post rapid thermal annealing was conducted for complete CIGS thin 
film solar cells [57, 59] and an improvement of interfacial properties and device 
performance was observed. These approaches will be discussed in details in the following 
section.  
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2.4 Improving CZTS thin films and device performance  
2.4.1 Alkali metal doping 
The significance of sodium (Na) incorporation into CIGS absorber thin films was first 
reported by Hedstrom and his co-workers in 1993 [138]. Since then, Na diffusion and its 
effects on CIGS film properties and device performance has attracted attention from the 
researchers world-wide. Nataka et al. showed that Na diffusion was beneficial to CIGS 
grain growth, increasing hole concentration, and then improving Voc and solar cell 
performance [111]. Most often Na was introduced into CIGS thin films by diffusion from 
the SLG substrate through the Mo back contact layer. In some studies, NaF and NaOH 
were also investigated as post-deposition Na sources [139] and similar solar cell 
efficiency enhancement was observed. This Na-containing layer is necessary for 
improving CIGS photovoltaic device performance on a Na-free flexible substrates in 
large-scale manufacturing.  
Based on the wealth of observations [110, 111, 139, 140] of the beneficial effects of Na, 
experiments were also conducted to verify the Na influence on CZTS thin films and solar 
cell performance [109, 141-143]. Aydil et al. [109] studied the composition and 
microstructure of CZTS thin films synthesized on SLG and Na-free substrates. It was 
found that Na and K diffusing from SLG facilitated CZTS grain growth. Also, a method 
for delivering precisely controlled amount of Na and K to CZTS thin films was proposed 
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[109]. Other than its profound influence on CZTS grain growth and crystal structure, Na 
at the grain boundaries in CZTS can passivate donors and deep defects, thereby reducing 
recombination [144]. This normally shows as an increase of Voc and the fill factor (FF).  
2.4.2 Absorber chemical composition tuning  
Although the CZTS thin film solar cell development has been promising, Shockley and 
Queisser predicted 32.2% the theoretical limit of the solar cell efficiency [14]. Absorber 
layer quality is one of the most critical points for obtaining high performance solar cell, 
which can be mostly affected by thin film composition, secondary phases, and defect 
concentration [145].  It has been widely observed [104, 146-148] that the best CZTS thin 
film solar cell performance can be achieved from a slightly Zn-rich/Cu-poor absorber 
layer. An excessively Zn-rich precursor will lead to a lower quality CZTS absorber with a 
ZnS secondary phase, which is responsible for a sharply reduced solar cell efficiency 
[145]. 
The influence of the CZTS compositional ratio on the film structural, optical and 
electrical properties was rigorously studied [145]. Normally, the presence of the ZnS 
phase is due to the high Zn/Cu atomic ratio, while Cu2-xS and ternary sulfide Cu2SnS3 are 
the major impurities under Cu-rich deposition conditions [73]. The existence of these 
secondary phases might be also responsible for the decrease of electron mobility, which 
is probably due to the increased scattering factor at the grain boundaries between CZTS 
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and secondary phase grains [149]. What’s more, the existence of metallic Cu-rich 
secondary phases can reduce the CZTS resistivity and cause recombination which is 
detrimental for making solar cells. As for the optical transmission of CZTS thin films, a 
slight decrease in the transmission was observed in CZTS samples with higher 
Cu/(Zn+Sn) ratios [145]. This is probably due to the increase of CZTS film roughness 
under Cu-rich deposition conditions.  
The electrical properties of the CZTS thin films were measured using the Van der Pauw 
method [145]. As mentioned earlier, the p-type conductivity of CZTS is attributed to 
acceptor defects, the copper vacancy (VCu) vacancy and the copper-zinc antisite (CuZn). 
These point defects have very low formation energy which leads to the large difficulty of 
making n-type CZTS [73]. CZTS thin films with a Zn-rich/Cu-poor composition tends to 
form VCu and ZnCu point defects and defect clusters of [𝑉𝑉𝐶𝐶𝑐𝑐− + 𝑍𝑍𝐼𝐼𝐶𝐶𝑐𝑐+ ]0 and [𝑍𝑍𝐼𝐼𝑆𝑆𝑖𝑖− +
𝑍𝑍𝐼𝐼𝐶𝐶𝑐𝑐
+ ]0. On the other hand, CuZn defect is more preferentially formed in CZTS films with 
a higher Cu/Zn ratio. The carrier concentration thus increases with Cu rich films because 
CuZn defect has a lower formation energy than VCu and then is easier to form. The Zn-
rich/Cu-poor composition is preferred for high efficiency solar cells because of the 
beneficial effects of defect cluster [𝑉𝑉𝐶𝐶𝑐𝑐− + 𝑍𝑍𝐼𝐼𝐶𝐶𝑐𝑐+ ]0, which can help to separate electron-
hole pairs [74]. In order to achieve a better understanding of the properties of the defects 
in CZTS thin films, the carrier concentration profile was measured using C-V 
measurement as discussed in Chapter 5. 
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2.4.3 Absorber selective etching 
One approach to the improvement of CZTS thin film solar cells is developing specific 
procedures to minimize or avoid the formation of detrimental secondary phases, 
especially the ZnS secondary phase favored by Zn-rich/Cu-poor device-grade absorber 
deposition conditions [137]. One needs to develop a selective etching technique to 
remove Zn-rich secondary phases from the CZTS surface. Katagiri et al. [150] first 
reported the preferential etching effect of deionized water (DIW) soaking which 
eliminated the metal oxide and sulfide particles and improved the solar cell performance. 
However, no sound theoretical explanation of DIW soaking effect has been published so 
far. Other than classical KCN etch that removes Cu-rich secondary phases [137], more 
environmentally friendly and less toxic HCl-based and H2SO4-based chemical etching 
techniques were utilized to lower Zn-rich phases [137, 151]. A significant improvement 
of conversion efficiency of the devices was observed as well as the solar cell 
optoelectronic properties. Due to the current-blocking effect of Zn-rich secondary phases, 
selective etching of ZnS surface phase directly enhances short-circuit current density (Jsc) 
and series resistance (Rs). Also, an improvement of Voc and FF are related to an absorber 
surface passivation effect which chemical solution process brings [151]. Nonradiative-
recombination states can be reduced by chemical solution process and then p-n junction 
properties can be improved. 
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2.4.4 Post deposition rapid thermal annealing (RTA) 
Since CZTS/CdS interfacial properties are critical to CZTS thin film solar cell 
performance, it is quite important to develop techniques for improving the interface of 
these heterojunction devices. Besides selective etching, post deposition rapid thermal 
annealing (RTA) has also been verified as an alternative. Mostly, RTA was done on 
CIGS solar cells. Its beneficial influence on CZTS thin film solar cells will be discussed 
in Chapter 6. 
RTA is generally conducted on completed CIGS thin film solar cells between 250 oC to 
400 oC for seconds. It proved to improve photovoltaic performance and yield a higher 
conversion efficiency [57, 59]. Konogai et al. discussed the removal of Cu2-xSe 
compounds from surface layer during RTA process which may lead to the solar cell 
performance improvement [59]. Later, Anderson et al. reported their AMPS-1D 
numerical simulation of RTA process with different peak annealing temperatures and 
holding times [57]. It was found that optimal RTA would enhance the CIGS electrical 
properties while preserving CIGS film compositions and microstructure morphology. The 
defect density in the CIGS absorber was reduced by RTA, and hence the light I-V, dark I-
V and spectral response of the cell was improved. However, no strong correlation 
between defect density and FF was observed.  
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As for the explanations of the beneficial effects of RTA on CIGS thin film solar cells, 
there is no consensus. This means that the causes of the photovoltaic performance 
improvement are probably on a smaller scale than the resolution of these techniques and 
could be, for example, the removal of very finely distributed secondary phases, changes 
in grain boundaries, or of course, reducing the point defect density. Despite these 
unknowns, this study enabled us to identify routes to improving material and device 
quality, as well as providing some direction for further studies of loss mechanisms in 
CZTS solar cells. RTA treatment was also conducted on CZTS thin film solar cells in this 
project and will be discussed in detail later.   
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Chapter 3 
3 Experimental Techniques  
3.1 Characterization of CZTS Thin Films 
3.1.1 Structural Characterization 
X-ray diffraction and Raman scattering spectroscopy are the two methods most often 
used to identify CZTS crystalline structure. CZTS is a line compound between Cu2SnS3 
and ZnS and theoretically even a 2-3% compositional variation could lead to a phase 
separation [152]. Given that the primary XRD peaks of Cu2SnS3 and ZnS secondary 
phases and kesterite CZTS overlap, it is very hard to identify those secondary phases by 
XRD and therefore kesterite CZTS structural characterization is challenging. Raman 
scattering spectroscopy has been widely used to distinguish these secondary phases and 
pure kesterite CZTS [84].  
3.1.1.1 X-ray Diffraction  
X-ray diffraction has long been used to deal with issues related to the crystal structure of 
materials, such as lattice type and lattice constants, defects and stress, orientation of 
single crystals, preferred orientation and grain size of polycrystalline materials, and 
identification of unknown materials [153]. The x-ray diffraction technique is non-
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destructive and does not demand elaborate sample preparation. These two major 
advantages make it widely used in material structural characterization.  
The basic theory of this technique can be derived from Bragg’s law. When an x-ray 
interacts with a single atom, it scatters the incident beam in all directions. However, when 
a beam interacts with a material and the net effect is the sum of the individual scattered 
beams. These can add together in a few directions to create high intensity spot. Bragg’s 
law states the conditions for this constructive interference (Fig. 3.1):  
 
Figure 3.1 Basic theory of X-ray diffraction. 
                                                                nλ = d sinθ,                                            (3.1) 
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where n = the order of diffraction, usually n = 1 
           λ = the wavelength of x-ray  
           d = the inter planar spacing  
           θ = the Bragg angle 
The crystal structure of CZTS thin films was examined using a Bruker-AXS micro-
diffractometer with a 2.2 kW Cu (λ = 1.54 Å) X-ray source and a two-dimensional 
detector. Two dimensional X-ray diffraction patterns were converted to a one 
dimensional intensity versus 2θ data set. This data set including the X-ray diffraction 
peak positions and relative intensities was analyzed and compared to Powder Diffraction 
File (PDF) reference, a database of X-ray powder diffraction patterns maintained by the 
International Center for Diffraction Data (ICDD), to obtain the phase of specific 
materials. 
X-rays have great penetrating power and sometimes, with specific incident angles, their 
path length through films is too short to produce diffracted beams of sufficient intensity. 
Under such circumstances the substrate, rather than the film, dominates the scattered X-
ray signal. As a result, longer counting times are usually needed to generate better 
diffraction patterns.     
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3.1.1.2 Raman Scattering Spectroscopy  
Raman scattering spectroscopy is commonly used as a supportive technique for X-ray 
diffraction method to identify kesterite CZTS [84, 154]. This technique is basically 
measuring the vibrational energies of molecules or solids, so it is very convenient and 
efficient to identify the secondary phases in CZTS thin films. Two-dimensional and depth 
profiles can also be measured to investigate the phase distributions in the samples.  
When photons interact with molecular systems, most are elastically scattered, a process 
which is called Rayleigh scattering. In Rayleigh scattering, the scattered photon has the 
same wavelength (energy) as the incident photon. Raman scattering is based on the 
Raman Effect, the inelastic scattering of photons by molecules. Raman spectroscopy 
detects the molecular deformation of materials caused by inelastic scattering of incident 
monochromatic light, usually from a laser. Photons of the laser light are absorbed by the 
sample and then reemitted. The frequency of the reemitted photons is shifted up or down 
compared to the original monochromatic frequency. This is called the Anti-stokes or 
Stokes scattering. This shift provides information about vibrational, rotational and other 
low frequency transitions in molecules. However, elastic Rayleigh scattering is the 
dominant effect and typically only one in 107 photons is scattered inelastically. This 
typically leads to a very weak spontaneous Raman scattering signal, as shown in Figure 
3.2.  
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Figure 3.2 Energy-level diagram showing the states involved in Raman signal. The line 
thickness is meant to the signal strength from the different transitions.   
We observe the presence of CZTS with a preferential growth orientation of (112) from 
the XRD pattern, however the results cannot rule out the existence of binary 
chalcogenides such as ZnS and Cu2-xS. Under such conditions, the presence of CZTS can 
be confirmed by Raman scattering peaks at 337-338 cm-1, 282-288 cm-1, and 367-372 cm-
1 which was published for monogains of CZTS [155]. It has been shown that a Raman 
scattering peak at 476 cm-1 is related to Cu2-xS, while a shoulder at 255 cm-1 is due to the 
convolution of peaks corresponding to Sn2S3, CZTS, Cu2-xS, and ZnS [84, 154, 156]. 
Meanwhile, ZnS is associated with Raman peak located at 348-352 cm-1 [156].  
Due to the small energy barrier between kesterite (space group 𝐼𝐼4�) and stannite (space 
group 𝐼𝐼4�2𝑚𝑚) CZTS, it is rather difficult to obtain pure kesterite CZTS and normally these 
two phases will co-exist. The presence of the stannite phase is reflected in the appearance 
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of a dominant broadened Raman peak at lower frequency (~ 331 cm-1) than the main 
Raman peak of kesterite at 337 cm-1[154].  
3.1.2 Film Microstructure and Chemical Composition 
There are several hierarchies of thin film information that are of interest to researchers 
[157]: (i) metrology of patterned films [20], such as lateral or depth dimensions and 
tolerances, uniformity of thickness, uniformity of coverage, and completeness of etching; 
(ii) film surface topography and microstructure, including grain size and shape, the 
existence of compounds, presence of hillocks or whiskers, evidence of film voids, micro-
cracking, or lack of adhesion, etc; (iii) cross-section views of multilayer structures 
exposing interfacial regions, columnar grain morphology, and substrate interactions; (iv) 
structural information such as defects in films, structure of the grain boundaries, 
identification of phases; (v) Details of film-nucleation and growth processes.  
Scanning electron microscopy (SEM) is generally used to analyze the first three levels of 
information in thin film characterization. Unlike transmission electron microscopy 
(TEM), which is a true microscope and all the image information in the field is acquired 
simultaneously, SEM probes a small portion of the total image at a time and the image is 
built up serially by scanning the probe [157]. Upon impinging on the sample, the high 
energy electrons decelerate and transfer energy inelastically to other atomic electrons and 
to the lattice. Through continuous random scattering events, the primary electron beam 
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effectively spreads and fills a “tear-drop-shaped” interaction volume with several 
absorption and emission processes, as shown in Figure 3.3.  
 
Figure 3.3 Schematic representation of the electron-sample interaction in a SEM and 
various signals are generated. 
The secondary electrons (SE) and back scattered electrons (BSE) are used to generate the 
sample image. The SEs are ejected from the outer shell of the sample atoms and are the 
lowest portion of the emitted energy distribution. The depth from which SEs escape the 
sample is usually between 5 to 50 nm due to their low energy.  The SEs are also 
generated by the BSEs as they escape the specimen. A detector composed of a 
scintillator, a photomultiplier and an output is used to detect emitted electrons, acquire 
sample information and produce 2-D images. The detection process relies primarily on 
the raster scanned primary beam. The number of SEs reaching the detector changes 
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depending on the surface properties and this changes the brightness in the two-
dimensional intensity distribution [158].  
BSEs can be used to analyze the contrast between areas with different chemical 
compositions. The BSEs are high energy electrons which are elastically scattered and 
essentially possess the same energy as the incident primary electrons. The depth from 
which the BSEs escape depends on both the beam energy and the sample composition. 
The probability of backscattering increases with the atomic number Z of the sample 
material, which can be shown as 0.05 × 𝑍𝑍0.5. This feature can be used for generating 
compositional images in which the higher Z phases appear brighter compared with the 
lower Z phases. However, this is not a strong function of Z, so the elemental 
identification is not optimal [158].  
The inelastic interaction of the primary electron beam with the sample also emits inner 
electrons from the sample. This creates a vacant space in the inner shell and the atom 
relaxes by a transition in which an outer shell electron fills the inners shell by releasing 
energy in the form of photons (characteristic X-rays) or electrons (Auger electrons) 
[158]. These emitted X-rays and Auger electrons are characteristic of the particular atom 
undergoing emission and so are a possible source for an unambiguous identification of 
chemical compositions. 
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Since each atom in the periodic table has a unique set of electron orbitals, the density of a 
particular type of atom can be identified by measuring the density of x-rays of the 
corresponding energy. Then the concentration of each element in the sample can be 
determined. Usually, SEM systems are equipped with an EDX (Energy-dispersive X-ray 
spectroscopy) detector unit which is used for atom identification. EDX samples the entire 
depth of interaction, typically about 1 µm. Auger electron spectroscopy (AES) is a 
common analytical technique to study sample surface, since the escape depth of Auger 
electrons is only about 1 nm. Under such circumstances, sputtering etching cycles can be 
coupled with AES to obtain a precise chemical composition depth profile. Also, the 
Auger yield becomes smaller than X-ray yield for heavier elements, which means it will 
be more difficult to measure Auger signal for atoms with large Z. However, AES is 
sensitive to lighter elements and can be used to identify elements as light as lithium (Z = 
3) [159]. 
3.1.3 Thin Film Thickness and Roughness 
Thin film thickness can be easily measured by a surface profilometer which is equipped 
with a sensitive stylus placed in contact with the surface and moves along the sample. 
The vertical deflection measures the step height of the surface. A sharp step between the 
film and substrate is required for this technique. Usually the profilometer measurements 
are accurate from ˃100 nm range, while SEM cross-section images are useful for 
measuring films thinner than 100 nm [159].  
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Other than this mechanical thickness measurement technique, there are two major optical 
techniques for thin film thickness measurement, interferometry and ellipsometry. Both of 
them use impinging light on the film surface and measure a reflection. Interferometry 
relies on the interference of two or more beams of light from air/film interface and 
film/substrate interface. The film thickness is related to the optical path difference. 
Interferometry is mainly used for measuring transparent films since interference naturally 
occurs. Ellipsometry is a polarization spectroscopy and measures the changes in the state 
of polarization of light reflected from film surface [159]. Ellipsometry is able to measure 
the optical properties of single-layer films and multilayer dielectric film stacks and, in 
some cases, can monitor films in situ during deposition and processing. As a result, 
ellipsometry is sometimes incorporated into plasma and CVD reactors, or molecular 
beam epitaxy (MBE) systems.  
Atomic force microscope (AFM), the most common of the various scanning probe 
microscopies (SPM), is commonly utilized to obtain information of film roughness and 
grain shape. The thin film surface is imaged by a force with a vertical resolution on the 
order of nanometer. The major advantage of detecting force rather than current is that all 
kinds of material surfaces including metals, semiconductors, and insulators can be 
imaged [157]. An AFM typically is composed of a cantilever, a sharp tip, xyz-drive, a 
detector, controller and plotter. In order to mechanically sense atomic-scale surface 
topography, the sharp tip should be mounted at the end of a soft cantilever spring, which 
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has a smaller spring constant than that effectively exists between atoms, so that the 
applied force isn’t large enough to displace surface atoms. In this mechanical raster-
scanning system, tip-sample interactions are transduced into the cantilever deflection, 
which will be converted into an image by a display system. A feedback system is used to 
monitor and control the cantilever force to diminish the sample surface damage [157].   
3.1.4 Type of Conductivity and Resistivity  
The hot point probe method is a simple technique to determine the conductivity type (n-
type or p-type) of semiconductors. Two probes are attached from the sample surface to a 
current meter, and one probe is maintained at a higher temperature (hot probe) while the 
other isn’t heated (cold probe). The temperature gradient creates a flow of majority 
carriers between the hot and cold probes. The direction of the current is determined by 
the polarity of the majority carriers in the sample. In n-type materials electrons are the 
majority carriers and net flow will generate "positive current" into the hot probe and for 
p-type material it will be "negative current" [157]. Probe heating is achieved by passing a 
current through the heating element which is placed near the hot probe. The impurity 
concentration and charged carriers dynamic parameters can also be calculated [160].  
The Hall effect, discovered in 1879 by E. H. Hall [161], has been widely utilized to 
measure the electronic properties of materials. The Hall effect describes the creation of a 
transverse voltage that is perpendicular to both the applied magnetic field and the current 
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along the length of the sample, as shown in Figure 3.4. Lorentz force, the force exerted 
on a moving electric charge in a magnetic field, is the underlying principle. The well-
known “right hand rule” allows us to determine the direction of Lorentz force on a charge 
carrier based on its direction of motion and the direction of the applied magnetic field. 
Hall effect measurements are widely used in many areas of the electronics industry, 
including basic materials research, device development, and device manufacturing. To be 
more specific, it can be used to determine quite a few material parameters, such as Hall 
mobility, carrier concentration, Hall coefficient (RH), resistivity, and most importantly, 
Hall voltage (VH). With the assistance of some other instruments, I-V characterization 
curves can be created with a similar test setup [162]. 
 
Figure 3.4 Illustration of Hall effect. 
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Specifically, Hall effect measurements attracted industrial researchers’ attention because 
of its convenience and effectiveness for bulk silicon material characterization. Since 
silicon bulk material properties are well-understood, Hall effect measurements have been 
utilized for modern semiconductor material development, especially for thin films. For 
example, the detailed study of thin film carrier concentration and carrier mobility is 
required for better photovoltaic performance. 
Resistivity is another critical parameter of the bulk material for semiconductor device 
fabrication and it’s essential in determining the characteristics of the completed devices 
[163]. A four-point probe method was discussed, which consisted of placing four probes 
that make contact along a line on the surface of the material. A current is passed through 
the outer pair of probes and the resultant voltage is measured across the inner pair, as 
shown in Figure 3.5.  
 
Figure 3.5 Schematic diagram of four-point probe setup. 
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The resistivity is calculated using Ohm’s law with a correction factor which takes into 
account the geometry of the arrangement [163]. The floating potential 𝑉𝑉𝑒𝑒 of a distance r  
from an electrode carrying a current 𝐼𝐼 in a material of resistivity ρ is given by 
                                                           𝑉𝑉𝑒𝑒 = 𝜌𝜌𝐼𝐼2𝜋𝜋𝑒𝑒                                                               (3.2) 
In the diagram shown in Figure 3.5, there are two current carrying electrodes, numbered 
1 and 4 and they carry current of the same magnitude but in opposite directions. As a 
result, the floating potential 𝑉𝑉𝑒𝑒, at any point in the semiconductor is the difference 
between the potential induced by 1 and 4 electrodes. Thus: 
                                                      𝑉𝑉𝑒𝑒 = 𝜌𝜌𝐼𝐼2𝜋𝜋 �1𝑒𝑒1 − 1𝑒𝑒4�                                                       (3.3) 
Where  𝑟𝑟1 and 𝑟𝑟4 are the distances from probe 1 and 4. 
The floating potentials at probe 2 𝑉𝑉𝑒𝑒2 and at probe 3 𝑉𝑉𝑒𝑒3 can be calculated from (3.3) by 
substituting the proper distances as follows: 
                                                      𝑉𝑉𝑒𝑒2 = 𝜌𝜌𝐼𝐼2𝜋𝜋 � 1𝑆𝑆1 − 1𝑆𝑆2+𝑆𝑆3�                                                (3.4) 
                                                      𝑉𝑉𝑒𝑒3 = 𝜌𝜌𝐼𝐼2𝜋𝜋 � 1𝑆𝑆1+𝑆𝑆2 − 1𝑆𝑆3�                                                (3.5) 
The potential difference V between probe 2 and 3 is then 
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                                      𝑉𝑉 =  𝑉𝑉𝑒𝑒2 − 𝑉𝑉𝑒𝑒3 = 𝜌𝜌𝐼𝐼2𝜋𝜋 � 1𝑆𝑆1 + 1𝑆𝑆3 − 1𝑆𝑆1+𝑆𝑆2 − 1𝑆𝑆2+𝑆𝑆3�                        (3.6) 
Usually the probe spacing is equal, that is S1 = S2 = S3 = S ~1 mm (much smaller than 
the sample thickness d), then the resistivity ρ can be simplifies to  
                                                          ρ = 𝑞𝑞
𝐼𝐼
2𝜋𝜋𝑍𝑍                                                             (3.7) 
When the probe spacing S is much larger than the sample thickness d, the resistivity ρ is 
given by: 
                                                    ρ = 𝑞𝑞
𝐼𝐼
𝜋𝜋𝑑𝑑
ln2
= 4.53𝑑𝑑 𝑞𝑞
𝐼𝐼
                                                   (3.8) 
In the case of thin films the second condition is always used because the film thickness is 
very small compared with the probe spacing [163]. Three different values of current were 
applied and the corresponding voltages were taken. The data is fitted using a straight line 
function and a value for 𝑉𝑉 𝐼𝐼⁄  calculated and applied to the above Eqn. (3.8) to calculate 
the resistivity. 
3.1.5 Optical Properties 
In this work, CZTS optical properties dependent on the bandgap of the material are 
studied by transmission/absorption measurement. The reflectance (R) and transmittance 
(T) of the sample were measured and the absorption (A) can be calculated using the 
following equation. 
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                                                          R + T + A = 1                                                      (3.9) 
where absorption A = αd, α is the absorption coefficient and d is the sample thickness. 
The absorption coefficient α can be calculated using the following equation [164]: 
                                                        α = − 1
𝑑𝑑
ln � 𝑘𝑘(1−𝑅𝑅)2�                                               (3.10) 
The derived value of α was used to calculate the band gap of the material described later 
in this session. For measuring CZTS thin films, the scanning wavelength was from UV to 
NIR range (350 nm to 1100 nm) by utilizing two different diffraction gratings. 
If 𝐼𝐼0 is the intensity of the incident light and I is the intensity of the light after passing 
through the sample, then from the Beer-Lambert-law, we have: 
                                                       I = 𝐼𝐼0exp (−𝛼𝛼𝑑𝑑)                                                   (3.11) 
This refers to the band-band absorption in which an electron is excited from the valance 
band to the conduction band of a semiconductor. 
Conventionally for inorganic semiconductors, electrons can be excited from the valence 
band to the conduction band by absorption of incident radiant energy only if this energy 
is equal to or larger than 𝐸𝐸𝑎𝑎. Thus, absorption edge of light occurs when a quantum of 
energy (ℎ𝛾𝛾) equals 𝐸𝐸𝑎𝑎;  
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                                             𝐸𝐸𝑎𝑎 = ℎ𝛾𝛾𝑎𝑎 = ℎ𝑐𝑐λ𝑔𝑔 = 1240λ𝑔𝑔  𝑒𝑒𝑉𝑉                                               (3.12) 
Where 𝛾𝛾𝑎𝑎 and λ𝑎𝑎 are the frequency and wavelength at absorption edge, respectively.  
Taking logarithms on both sides of Eqn. (3.11), 
                                                        α = 1
𝑑𝑑
ln �𝐼𝐼0
𝐼𝐼
�                                                         (3.13) 
                                                         A = ln �𝐼𝐼0
𝐼𝐼
�                                                           (3.14) 
A simple analysis of the absorption process yields a fundamental form for absorption 
coefficient [164]: 
                                                      α ∝ �ℎ𝛾𝛾 − 𝐸𝐸𝑎𝑎�
1/2                                                   (3.15) 
                                                      α ∝ �ℎ𝛾𝛾 − 𝐸𝐸𝑎𝑎�
3/2                                                   (3.16) 
Eqn. (3.15) and (3.16) are for direct and indirect band gap material, respectively. Here 𝐸𝐸𝑎𝑎 
is the energy band gap of the material. Thus a plot of (𝛼𝛼ℎ𝛾𝛾)2 verses ℎ𝛾𝛾 gives the direct 
band gap energy. 
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3.2 CZTS Thin Film Solar Cell Measurement Techniques  
3.2.1 I-V Measurement  
Typically a solar cell I-V measurement system is composed of a source meter, a solar 
simulator equipped with an AM 1.5 global filter, a feedback/stabilizer, and a 
microcontroller regulated unit to maintain a constant power output irrespective of the 
lamp aging or filament erosion. The output light from the solar simulator was focused on 
the sample, which was placed on a specially designed spring-loaded probe station. The 
measurement parameters were controlled and I-V data was collected by computer. 
Current-voltage data, called an I-V curve, can be plotted as shown in Figure 3.6. The 
curve can be used to extract some important device parameters.  
The short circuit current (𝐽𝐽𝑠𝑠𝑐𝑐) can be obtained at zero voltage, while the value of the 
voltage at zero current is called the open circuit voltage (𝑉𝑉𝑜𝑜𝑐𝑐) of the solar cell. These are 
the maximum voltage and current that the cell can output. The power output of the solar 
cell is zero at these two points. If the power versus the voltage is plotted, this curve has a 
maximum power point, which is used to calculate the power conversion efficiency.  
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Figure 3.6 Typical I-V curve of a solar cell. 
The I-V curve can also be used to extract another important parameter, the fill factor 
(FF). This gives information about the form of the IV curve. It is the ratio of the 
maximum output power (shown as blue area) and the maximum power that the cell could 
theoretically give (shown as pink area). The latter is the product of 𝐽𝐽𝑠𝑠𝑐𝑐 and 𝑉𝑉𝑜𝑜𝑐𝑐. The FF 
should be as high as possible, and it shows some internal resistance values in the cell that 
can be subject to optimization.  
Solar cells can be modeled mathematically by an idealized equivalent circuit [4], where 
the photo-generation at the junction can be represented by a constant current source. 
Typically one also includes a series resistance (𝑅𝑅𝑆𝑆) and a shunt resistance (𝑅𝑅𝑆𝑆𝑆𝑆). The 
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latter represents leakage and/or recombination associated with the junction. The value of 
𝑅𝑅𝑆𝑆 depends on a number of factors such as the sheet resistance and geometry of the 
electrodes, the contact resistance, and the resistance of the quasi-neutral region. 
Generally, 𝑅𝑅𝑆𝑆 and 𝑅𝑅𝑆𝑆𝑆𝑆 determine the shape of the I-V curve and so the value of the fill 
factor. This directly affects the solar cell conversion efficiency. The 𝑅𝑅𝑆𝑆 and 𝑅𝑅𝑆𝑆𝑆𝑆 values 
can be calculated based on the slope of the I-V curve at the 𝑉𝑉𝑜𝑜𝑐𝑐 and 𝐽𝐽𝑠𝑠𝑐𝑐, respectively. 
3.2.2 C-V Measurement 
C-V measurement is one of the most widely-used electrical measurement techniques for 
evaluating semiconductor device characteristics. The advantages of C-V measurement 
are: (i) this technique is non-destructive; (ii) various important parameters can be 
measured, such as the carrier concentration [165], interfacial defect level [166], bulk or 
surface states, and heterojunction properties [167]; (iii) the method can be used on 
fabricated devices and is adaptable for automation [168].  
The Schottky diode or the p-n junction is simply described as a small-signal equivalent 
circuit model which is composed of a capacitor parallel with a resistor. Except at strong 
forward bias, the capacitor represents the space-charge capacitance, while the resistor 
shows the residual conductance of the diode [167]. A constant ac voltage is applied to the 
diode and the capacitance is calculated from the imaginary part of the resulting 
admittance, while the real part leads to conductance. Often a dc voltage is swept and the 
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dependence of the capacitance on dc voltage is used to measure a carrier profile versus 
depth as discussed below. To obtain a more accurate depth profile in the presence of 
traps, dc voltages are successively superimposed. This is called drive level capacitance 
profiling (DLCP) [169]. 
 
Figure 3.7 Doping density profile in the depletion approximation. 
In this work, C-V measurement was conducted mainly to estimate the CZTS doping 
density and CZTS/CdS interfacial properties using an impedance analyzer. The doping 
density and majority density profiles in the depletion approximation is shown in Figure 
3.7. From the fundamental definition of capacitance, we have   
                                                                 C = −𝑑𝑑𝐸𝐸𝑠𝑠
𝑑𝑑𝑞𝑞
                                                     (3.17) 
Where                                            𝑑𝑑𝐸𝐸𝑠𝑠 = −𝑞𝑞𝐴𝐴𝑁𝑁𝐴𝐴(𝑤𝑤)𝑑𝑑𝑤𝑤                                            (3.18) 
Then we have                                C = −𝑑𝑑𝐸𝐸𝑠𝑠
𝑑𝑑𝑞𝑞
= 𝑞𝑞𝐴𝐴𝑁𝑁𝐴𝐴(𝑝𝑝)𝑑𝑑𝑝𝑝
𝑑𝑑𝑞𝑞
                                          (3.19) 
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If we assume depletion region as a dielectric material with a dielectric constant 𝜀𝜀𝑠𝑠 =
𝐾𝐾𝑠𝑠𝜀𝜀0, then we have  
                                                           C =  𝐾𝐾𝑠𝑠𝜀𝜀0𝐴𝐴
𝑝𝑝
                                                           (3.20) 
Then the doping density can be calculated as a function of C-V data, 
                                                𝑁𝑁𝐴𝐴(𝑤𝑤) = 2𝑞𝑞𝐾𝐾𝑠𝑠𝜀𝜀0𝐴𝐴2�𝑑𝑑� 1𝐶𝐶2�/𝑑𝑑𝑞𝑞�                                           (3.21) 
DLCP measurements are usually performed and supplemented with C-V data. Especially, 
when it is important to characterize the CZTS thin film bulk doping density and interface 
response with post deposition RTA conditions, DLCP measurement becomes very 
critical.   
DLCP measurements are usually taken with DC bias values ranging from -0.2 to +0.5 
volts, with the drive-level amplitude varying between 0.06 and 0.12V, at a frequency of 
200 kHz. Samples were mounted in a dark cryostat with liquid nitrogen cooling. The 
drive-level density NDL of CZTS thin film at various depth can be calculated from the 
DLCP results. It is reported [169] that, due to the high n-type doping concentration in the 
CdS window layer, the depletion region is almost entirely in the CZTS, and thus the NDL 
values determined by DLCP are representative of the CZTS. These quantities are not 
sensitive to interface states. Thus, DLCP measurement will provide a more precise 
description of CZTS bulk carrier concentration. 
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3.2.3 EQE Measurement 
Two types of quantum efficiency (QE) of a solar cell are often studied. The external 
quantum efficiency (EQE) stands for the ratio of the number of carriers collected by the 
solar cell to the number of photons of a given energy (wavelength) incident on the solar 
cell. The internal quantum efficiency (IQE) represents the ratio of the number of carriers 
collected to the number of photons of a given energy (wavelength) absorbed by the solar 
cell. The EQE of a solar cell includes the effect of optical losses such as transmission and 
reflection and is of more interest to most researchers.  
If all photons of a certain wavelength are absorbed and the resulting minority carriers are 
collected, then the quantum efficiency at that particular wavelength is unity. The quantum 
efficiency for photons with energy below the band gap is zero. A typical quantum 
efficiency curve for a solar cell is shown below. 
 
Figure 3.8 The EQE spectrum of a solar cell under illumination [13]. 
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EQE measurements were conducted to assess the factors that limit the CZTS solar cell 
performance and further improve the material design and device efficiency. EQE 
measurements are preferably carried out by measuring the effect of a small amount of 
monochromatic light under short-current conditions [170].  
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Chapter 4 
4 Synthesis and characterizations of Cu2ZnSnS4 (CZTS) Thin Films  
4.1 Synthesis of Cu2ZnSnS4 (CZTS) Thin Films 
Polycrystalline Cu2ZnSnS4 (CZTS) were made on Mo-coated soda-lime glass (SLG) by 
sulfurization of thermally-evaporated metal precursor layers (copper, zinc, and tin) under 
vacuum. The thicknesses of metal layers in precursor stack were adjusted to tune the film 
composition. Substrate material choice, sulfurization conditions, and back contact metal’s 
influence on CZTS growth was studied. Metal stacking order (from bottom to top) of the 
precursors was also investigated. 
4.1.1 Thermal Evaporation of Cu-Zn-Sn Precursor   
Successive ultrasonic cleaning in a soap solution, deionized water, isopropanol, and 
acetone was used to clean SLG substrates and then the substrates were dried with 
nitrogen and baked at 120 oC for 5 minutes. The deposition of a Molybdenum (Mo) back 
contact layer was conducted by a two-step dc magnetron sputtering method which was 
developed to get good adhesion and a low sheet resistance [128, 171]. Then, the metallic 
precursor deposition was performed by sequential thermal evaporation under vacuum 
(below 2×10-6 Torr).  
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The thermal evaporator was used to sequentially deposit precursor metals onto the 
substrates. Under vacuum, current is passed through a filament boat, which heats the 
metal contained in the boat. When the desired evaporation current is reached, the molten 
metal evaporates. Some of the vapor deposits onto the substrate. The deposition rate of 
each layer was kept at about 0.1 nm/sec by controlling the current passing through the 
filament boat. In situ thickness monitoring was performed with a quartz crystal rate 
monitor. 
4.1.2 Sealing of Quartz Ampoule 
Sulfurization of metal precursors was conducted in a sealed space under vacuum. Quartz 
is one of the most popular materials for a fusing ampoule. Clear fused quartz tubes 
ordered from AdValue Technology with 12.7 mm outer diameter, 10.5 mm inner 
diameter and 1.1 mm wall thickness are used. The quartz tubes were sealed at one end 
initially and were cleaned using a soap solution, deionized water, isopropanol, and 
acetone, successively. Then they were allowed to dry naturally overnight.  
Sealing of the ampoule was initially done in the glass shop in department of Chemistry. 
The quartz ampoule with a piece of Cu-Zn-Sn precursor and a small amount of sulfur 
powder inside was pumped down overnight in a research lab in the Material Science 
department, and then sealed by a tri-clamp and brought to glass shop for fusing. 
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However, there is a concern that tri-clamp is not a perfect seal and there might be leakage 
to the ampoule which will introduce oxygen and moisture to the reaction environment.  
In order to improve the ampoule vacuum, an oxygen/propylene gas torch sealing system 
was built in our lab with Dr. Sreejith Karthikeyan’s help. This system allows one to 
reliably seal the ampoule while pumping it down. The sealing system is composed of a 
vacuum system comprising a Navco rotary oil vacuum pump and a Leybold turbopump, 
oxygen and propylene gas cylinders, and a cutting torch (Smith Equipment). One open 
end was used for connecting the tube in to the vacuum system while the precursor and 
sulfur powder would stay at the other end of the tube which was completely sealed 
initially. 
Prior to sample loading, the tube was exposed to an oxygen-propylene cutting torch flame 
during pump down, which was applied from one end to the other end which was 
connected to the vacuum system three to four times to remove the remaining moisture 
from inside the tube. The open end of the tube was used to then load the precursor film 
stack and the sulfur powder and to connect the tube to the pumping system. The tube was 
then pumped down to 2×10-6 Torr or below, as shown in Figure 4.1.  
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Figure 4.1 The image of the sealing system. 
Again a gentle flame was moved briefly from sample end of the tube to other in order to 
remove remaining moisture. Applying a gentle flame can remove remaining moisture but 
care was needed to avoid an exothermic reaction of the elements or the sublimation of 
sulfur. Then the hot oxygen/propylene flame was carefully introduced about 10 cm away 
from the precursor and sulfur powder. Extreme care was taken at this point because the 
tube was under vacuum and there was a possibility that the softened quartz could be 
sucked inside and that could lead to breakage of the tube. Upper and lower sides of the 
tube were heated to become softened and then the tube was rotated slowly. This allowed 
the softened areas to touch each other and remain in contact till both sides were fused 
completely. After sealing the ampoule was removed and stored for use.  
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4.1.3 Sulfurization of Metal Stack Precursors 
When we were ready to carry out the sulfurization, the sealed ampoule was placed in a 
ceramic holder and then inserted in a tube furnace, heated to a certain temperature and 
cooled to room temperature naturally to form CZTS thin films. The half of the ampoule 
containing the sample was inside of the ceramic holder, while the other half was hanging 
in space. This configuration creates a temperature gradient when cooling down and helps 
excess sulfur condense at the end of the ampoule opposite the sample. Sulfurization 
parameters were programmable for this tube furnace, such as ramping rate for heating 
and cooling, temperature set point, hold time, etc. It’s not necessary to flow any inert gas 
during sulfurization because the ampoule was sealed and formed an isolated reaction 
environment itself.  
4.2 Substrate Influence on CZTS Properties 
The most widely used substrate for CZTS thin film solar cells is Mo-coated SLG which is 
a carryover from CIGS solar cells, where, as discussed in a previous chapter, it has been 
shown that sodium (Na) diffusion from the SLG to CIGS drastically increases the power 
conversion efficiencies [110, 111, 139, 140]. A few studies on Na diffusion have shown 
an enhancement of CZTS grain growth [142-144, 172]. It has been proved that alkali 
element potassium (K) is also beneficial to grow CZTS thin film with larger grains [109]. 
However there is no widely accepted theoretical explanation on this phenomenon. Based 
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on previous study on Na diffusion and its influence on CZTS grain growth, SLG has 
become the first choice of substrate for CZTS synthesis. In this chapter, CZTS thin films 
were synthesized on SLG and the mechanism of CZTS grain growth was investigated. 
However, SLG has several drawbacks. SLG has a glass transition temperature (Tg) of 
about 575 oC limiting the sulfurization temperature since softening of the SLG might 
introduce film stress to CZTS which will be detrimental to thin film solar cells. What’s 
more, SLG is a brittle material that can be easily broken, making SLG substrates 
unattractive for commercial CZTS solar cells and modules. As a result, it is worthwhile to 
investigate other alternate substrate materials and their influence on CZTS 
microstructures and phase composition.   
This part presents the thin film morphology and structural property data obtained from 
CZTS thin films deposited on various substrates while keeping other parameters the 
same.  CZTS thin films were synthesized by sulfurization of thermal evaporated Cu, Zn, 
Sn metal stack precursors on three different substrates including SLG, fused silica, and 
sapphire (Al2O3). Fused silica is amorphous (non-crystalline) silica without other added 
impurities. Crystalline sapphire (Al2O3) glass is highly transparent and significantly 
stronger than any other optical materials or glasses [173]. Compared to those two pure 
materials, a large amount of impurities can be found in SLG, which is made by melting 
various materials, such as sodium carbonate (soda), lime (calcium-containing material ), 
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dolomite ( CaMg(CO3)2), silicon dioxide (silica), aluminium oxide (alumina), and small 
quantities of sodium sulfate and sodium chloride [174]. 
Table 4.1 Properties of three different substrates for CZTS synthesis. 
Substrate Thermal Expansion 
coefficient (/oC) 
Softening 
Point (oC) 
Added Impurities (mole %) 
Fused silica 5.5×10-7 1683 None 
Sapphire (Al2O3) 7.5×10-6  None 
SLG 8.6×10-6 575 Na2O (13%), CaO (9%), etc 
Metal precursors with stacking order Sn/Zn/Cu (from bottom to top) were deposited on 
three different substrates (fused silica, sapphire, and SLG) using thermal evaporator 
under exactly the same conditions. Total thickness of precursors was about 58 nm. After 
sulfurization at 450 oC and 500 oC for 8 hours, thin films obtained were characterized 
using XRD, SEM and EDS. 
X-ray diffraction results collected from samples deposited on three substrates showed all 
of the XRD peaks aligned to kesterite CZTS, as shown in Figure 4.2. However, the CZTS 
main peaks (112) at 28.44 o and (204) at 47.33 o can also be assigned to ZnS or Cu2SnS3 
so secondary phases couldn’t be ruled out in this case. The CZTS (101) peak at 18.24 o 
was only observed in thin film grown on SLG, which means SLG enhances CZTS grain 
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growth. The mean size of CZTS crystallites can be derived from XRD results by Scherrer 
Formula 
                                                                τ = 𝐾𝐾λ
𝛽𝛽 cos𝜃𝜃
                                                       (4.1) 
where τ is the mean size of the crystallites, which may be smaller or equal to the grain 
size; K is a dimensionless shape factor, with a value close to unity; λ is the X-ray 
wavelength; β is the line broadening at half the maximum intensity (FWHM), after 
subtracting the instrumental line broadening, in radians; θ is the Bragg angle.   
Usually, the Scherrer formula is limited to nano-scale particles [175], and it’s not 
applicable to grains larger than about 0.1 to 0.2 μm, which precludes those observed in 
most CZTS microstructures. However, sample grain size can be roughly estimated 
because the relatively small grains observed in SEM images (Fig. 4.3). As shown in 
Figure 4.2, smaller FWHM was observed for XRD peaks collected from thin film 
deposited on SLG substrate, which indicated larger grains. It is quite critical that the 
Scherrer equation provides an effective estimation on the particle size, since a variety of 
factors can play a role in the width of a diffraction peak besides instrumental effects and 
crystallite size. Among those factors, the most important are usually inhomogeneous 
strain and crystal lattice imperfections [175], such as dislocations, stacking faults, 
twinning, micro-stresses, grain boundaries, sub-boundaries, coherency strain, chemical 
heterogeneities, etc. 
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Figure 4.2 X-ray diffraction results of CZTS deposited on different substrates.  
As shown in Figure 4.3, tiny rod-like and flake-like grains were found in thin films 
deposited on sapphire and fused silica, while sample grown on SLG showed rounded 
equiaxed grains. The latter is probably due to bulk diffusion during grain growth. 
  89 
 
Figure 4.3 SEM images of CZTS deposited on different substrates. 
When looking at the SEM images closely, a large area of voids were observed in thin 
film deposited on SLG, while sapphire and fused silica produced void-free thin films. 
Voids appear when grain size exceeds thin film thickness and it proves thoroughly CZTS 
grain growth happened when SLG was used as substrate, which is consistent with XRD 
  90 
results. It is clearly proven that some impurities in SLG are beneficial to CZTS grain 
growth. Na has been reported to be the critical acting element in SLG [109]. The 
chemical compositions of the as-deposited metal precursors and sulfurized samples were 
measured using EDS. All three precursors on sapphire, SLG, and fused silica showed 
composition Cu/(Zn + Sn) = 1, Zn/Sn = 1 initially. However, the sulfurized film on SLG 
was closer to stoichiometric CZTS. The loss of Sn and to a lesser extend Cu in the 
sapphire and fused silica samples suggests that some volatile compounds are formed and 
evaporate from the surface of the CZTS. In general, SLG is the most stable substrate. 
 
Figure 4.4 Chemical composition of CZTS deposited on different substrates. 
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4.3 The Influence of Sulfurization Condition on CZTS Properties 
Sulfurization conditions including the sulfurization temperature and time have been 
studied as well as their influence on CZTS thin film properties. X-ray diffraction and 
Raman scattering results of samples on SLG (Sn/Zn/Cu) sulfurized at 500oC, 550oC and 
600oC for 8 hours have shown that the sulfurization temperature affects the CZTS 
structure and film morphology. As shown in Figure 4.5, all of the X-ray diffraction peaks 
are aligned to kesterite CZTS, and stronger XRD peaks were observed at higher 
sulfurization temperature, indicating a higher degree of crystallinity.
 
Figure 4.5 X-ray diffraction results of CZTS sulfurized at 500 oC, 550 oC, and 600 oC. 
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Raman scattering results shown in Figure 4.6 indicates that the strongest Raman CZTS 
peak both increases in intensity and shifts from a lower position to 337 cm-1 with 
increasing sulfurization temperature. Meanwhile, the Raman peaks at 285 cm-1 and 370 
cm-1 were prominent only for the 600 oC sulfurized sample. This suggests that increasing 
phase-pure kesterite films were made at higher annealing temperature, and that the degree 
of crystallinity increased with sulfurization temperature. 
 
Figure 4.6 Raman scattering results of CZTS sulfurized at 500 oC, 550 oC, and 600 oC. 
As shown in the SEM images in Figure 4.7, larger CZTS grains, about one micron wide, 
were formed at higher sulfurization temperature (600 oC). Others have seen similar 
results with intensive grain growth typically between 500 and 600oC [92, 94, 176, 177]. 
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As a result, the sulfurization temperature was fixed at 600oC and other parameters were 
varied to optimize the growth conditions. 
It is obvious that CZTS thin films sulfurized at 600 oC are not void-free (Figure 4.7). This 
is due to the imbalance between intensive grain growth and the lack of film thickness.  
The thickness of metal precursor stacks can be adjusted to eliminate this issue and close-
packed CZTS thin film with large grains can be obtained, as shown in Figure 4.8. 
 
Figure 4.7 SEM images of CZTS (Tilted view and top view) sulfurized at 500 oC, 550 oC, 
and 600 oC. 
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Figure 4.8 CZTS morphology change with increasing film thickness. 
In order to synthesize functional films for solar cell application, CZTS was also deposited 
on Mo-coated SLG, where Mo behaves as the back contact layer. However, the addition 
of the back contact created both morphology and adhesion problems. As is shown in 
Figure 4.9 (a), there are bumps on the surface of the sample and CZTS thin film peels off 
from Mo layer. Bad adhesion usually comes from high film stress, part of which is due to 
thermal expansion coefficient mismatch of two layers, and film surface contamination. 
The Mo layer (area 4) also cracks during 600 oC sulfurization (Fig. 4.9 (c)) which 
probably is due to the release of Mo film stress at high sulfurization temperature. It is 
therefore necessary to study the relationship between Mo film stress and deposition 
technique and parameters. Two different areas are shown in Fig. 4.9 (b). EDS results 
show that area 1 is Zn rich while area 2 is closer to stoichiometric CZTS. The sample 
non-uniformity led to an investigation of the influence of the metal precursor stacking 
order on CZTS thin film properties, especially morphology. 
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Figure 4.9 SEM images of CZTS on Mo-coated SLG. 
4.4 Precursor Metal Stacking Order Influence on CZTS Properties  
Various precursor stacking orders were studied to determine the effect of the film stack 
on the final film morphology. Three-layer precursor stacks were studied first. Fernandes, 
P. A. et al. suggest that Cu layer should be on the top to reduce the loss of Zn and Sn and 
achieve a better composition control of CZTS [78]. We found that Zn/Sn/Cu 
(bottom/middle/top) couldn’t produce good CZTS thin film because first layer (Zn) 
would re-evaporate during second layer Sn deposition. This is due to the higher boiling 
point (2602 oC) of Sn which requires higher evaporation current to heat the metal source. 
With the high vapor pressure of Zn, re-evaporation happens and affects the final chemical 
composition of metal precursor and sulfurized thin film. This made the metal precursor 
stacking order Cu/Zn/Sn and Sn/Zn/Cu very promising.  
  96 
 
Figure 4.10 Schematic graphs, SEM, and AFM images of Cu/Zn/Sn and Sn/Zn/Cu metal 
precursor stacks, and SEM images of sulfurized thin films.  
As shown in Figure 4.10, putting extreme smooth Cu layer at the bottom does help to 
reduce the total roughness of the precursor, however, Sn layer on the top will increase the 
film non-uniformity because Sn easily reacts with sulfur, forms sulfides and leaves the 
film. As a result, I first rigorously tested the stacking order that showed the most promise: 
Sn/Zn/Cu.  The detailed deposition conditions are shown in Table 4.2 below. 
Table 4.2 Summary of deposition conditions. 
Precursor metal layers Sulfurization Conditions  
(From bottom to top) Sulfurization 
Temperature (oC) 
Sulfurization Time 
(hrs) 
Sn: 2185 Å / Zn:1308 Å / Cu: 1901 Å   600 2 
Sn: 2185 Å / Zn:1308 Å / Cu: 1901 Å   600 4 
Sn: 2185 Å / Zn:1308 Å / Cu: 1901 Å   600 8 
  97 
 
 
Figure 4.11 SEM images of (a) first, (b) second and (c) third stacked layers and (d) final 
CZTS thin film. 
Typical surface morphologies of first, second and third stacked layers of Sn/Zn/Cu 
precursors are shown in Figure 4.11. From the SEM observations, surface morphologies 
of each layer of precursors and CZTS thin films are affected by the metal stacking order. 
Sn doesn’t wet glass and it forms large droplets on the substrate which lead to relatively 
rougher precursor stacks when Sn is deposited as the first layer. Meanwhile, Zn and Sn 
don’t form an alloy. This will slow the metal inter-diffusion process and influences the 
final thin film properties. Normally, this kind of metal stacks will result in CZTS thin 
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film with more voids and bigger roughness, as well as poor adhesion between CZTS and 
the back contact layer, as shown in Figure 4.12.  
 
Figure 4.12 Cross-section SEM images for CZTS deposited on Mo-coated SLG. 
Precursors with optimum three-layer stacking sequence Sn/Zn/Cu on SLG were 
sulfurized at 600oC for 2, 4, and 8 hours. X-ray diffraction results collected from these 
samples have shown that precursor stack affects the phase purity of CZTS films. As is 
shown in Figure 4.13, films sulfurized from a Sn/Zn/Cu stack directly on SLG show 
some secondary phases including Na2SnS3, Na4Sn3S8 and SnS. This suggests that sodium 
diffuses into precursor and forms a sulfide with Sn at the first stage. This might help 
explain the effect of sodium in CZTS grain growth. These phases disappear after longer 
sulfurization anneals (Fig. 4.9 (b) Region 1). 
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Figure 4.13 (a) X-ray diffraction results, and (b) Raman scattering results for CZTS 
thin films sulfurized for 2, 4, and 8 hours. 
Here we propose a CZTS grain growth mechanism (Figure 4.14) which can guide the 
selection of the metal stacking order to be used to synthesize CZTS thin films with better 
microstructures. As shown in Figure 4.14 (a), Cu/Zn/Sn metal stack is deposited on Mo-
coated SLG. With the increasing sufurization temperature, metal interdiffusion happens 
and Cu6.26Sn5 and Cu5Zn6 alloy form first. Sulfur starts to play a role in the process at 300 
oC when multiple types of sulfides such as ZnS, SnS2, Sn2S3, CuS, Cu2SnS3 form and the 
CZTS phase also appears. At higher temperature (500 oC and above), films are nearly all 
CZTS with small amount of sulfides, as shown in Figure 4.14 (e).  
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Figure 4.14 Schematic diagram for CZTS growth mechanism, which was drew based on 
the CZTS phase evolution theory published by Aydil et al. [178]. 
While this stack proved the best of the three-layer alternatives, problems remained. 
Especially common were large, roughly circular Zn-rich regions (Fig. 4.9 (b)). We 
considered the possibility that droplet formation during the sulfurization process led to 
the lateral segregation of Zn. The problem is exacerbated in the optimal three-layer stack 
since zinc and tin form eutectics with melting temperatures as low as 199 oC, as shown in 
Figure 4.15. 
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Figure 4.15 Sn-Zn (Tin-Zinc) system. Source: [179]. 
The goal then is to develop a stack or a sulfurization process that avoids this droplet 
formation. We therefore investigated the metal stack Cu/Sn/Cu/Zn where the embedded 
Cu layer would impede the formation of Zn/Sn eutectics.  
Table 4.3 Summary of CZTS deposition conditions. 
Precursor metal layers Sulfurization Conditions  
(From bottom to top) Sulfurization 
Temperature (oC) 
Sulfurization Time 
(hrs) 
Cu: 950 Å / Sn: 2185 Å / Cu: 951 Å / Zn:1308 Å 600 2 
Cu: 950 Å / Sn: 2185 Å / Cu: 951 Å / Zn:1308 Å 600 4 
Cu: 950 Å / Sn: 2185 Å / Cu: 951 Å / Zn:1308 Å 600 8 
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Precursors with the stacking order Cu/Sn/Cu/Zn produce films with X-ray diffraction 
peaks that are all indexed to kesterite CZTS, as shown in Figure 4.16. A secondary phase, 
Cu2SnS3, indicating an incomplete sulfurization, is observed in the film sulfurized at 
600oC for 2 hours, but this phase disappears after longer sulfurization anneals. 
 
Figure 4.16 (a) X-ray diffraction results, and (b) Raman scattering results for CZTS 
thin films sulfurized for 2, 4, and 8 hours at 600 oC. 
As shown in Figure 4.17 (a) and (b), films with the stacking sequence Cu/Sn/Cu/Zn 
deposited on Mo-coated SLG show kesterite CZTS characteristics irrespective of anneal 
time. Both Mo and MoS2 peaks show that excessive sulfurization can cause a significant 
amount of MoS2 formation at CZTS/Mo interface during the annealing process. The two 
strongest Raman peaks at 287 cm-1 and 338 cm-1 are consistent with the kesterite CZTS 
phase. The peak at 368 cm-1 can also be indexed to CZTS [95]. The shoulder seen from 
350-355 cm-1 can be attributed to the ZnS phase. For shorter anneal times, a small peak 
near 250 cm-1 arises from the convolution of peaks corresponding to CZTS, Cu2-xS, Sn2S3 
and ZnS [141]. Figure 4.17 (a) and (b) show that film sulfurized for 4 hours is phase-pure 
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CZTS and Figure 4.17 (c) demonstrates that all sulfurized thin films are nearly 
stoichiometric. The thicknesses of metal layers in precursor stack can be adjusted to tune 
the film composition and final thickness. CZTS film sulfurized at 600 oC for 4 hours on 
Mo-coated SLG was quite uniform with grain size of about 1 micron as shown in Figure 
4.17 (d). Importantly, this stacking order greatly improved lateral uniformity. 
 
Figure 4.17 (a) X-ray diffraction results, (b) Raman scattering results, (c) EDS results 
for CZTS thin films sulfurized for 2, 4, and 8 hours, and (d) Top view and cross-section 
SEM images of CZTS sulfurized for 4 hours. 
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We used SEM images to estimate the grain size of CZTS thin films. A random straight 
line was drawn through the micrograph. The number of grain boundaries intersecting the 
line was then counted. The average grain size is found by dividing the number of 
intersections by the actual line length. The level of magnificent was kept low to improve 
statistics. 
We find that the CZTS grain size is much larger when some of the SLG is exposed or if 
we put an extra piece of SLG into the ampoule during sulfurization process, as shown in 
Figure 4.18. This suggests that some impurity from the SLG is transported through the 
vapor and helps grain growth. This impurity transports readily in a sulfur ambient, 
presumably by forming a volatile sulfur-containing compound, but diffuses more slowly 
through the Mo layer, requiring a longer anneal time for Mo-coated SLG compared to 
uncoated SLG to obtain the desired grain-growth effect. 
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Figure 4.18 CZTS grain size under different sulfurization time. 
Further experiments on the stacking order showed that moving the intermediate copper 
layer to the top of the stack (Cu/Sn/Zn/Cu) actually produces an even more uniform Zn 
rich CZTS thin film. At first glance this appears to be in contrast to the observations 
made above: putting Zn and Sn into contact permits the formation of very low melting 
temperature eutectics, which ultimately leads to droplet formation. However, putting the 
coper layer on top of the stack constrains the formation of droplets. Surface tension 
between the eutectic and both top and bottom copper layers forces the molten eutectic to 
spread into a uniform molten layer. Such a structure may be beneficial. The liquid 
eutectic will have a high diffusivity for Cu, allowing uniform, large grain growth. 
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4.5 Back Contact Metal Material Influence on CZTS Properties 
Stoichiometric and uniform CZTS thin film with grain size around 1 μm were obtained 
using a bare SLG as substrate, which was also proven by EDS, XRD and Raman 
scattering results. However, switching to Mo-coated SLG substrate created difficulties of 
producing CZTS thin film with desirable morphology.  
The resistivity, film stress, and adhesion of single layer Mo thin film deposited on SLG 
with various sputtering pressure (0.5 mT to 10 mT) were tested. It is found that under low 
chamber pressure (0.5 mT-1 mT), high energy bombardment of atoms at the surface 
produces compressively stressed films. These thin films are very dense and have a low 
resistivity, but also have poor adhesion to substrate due to a large intrinsic stress. With 
increasing chamber pressure (1 mT-5 mT), gas phase collisions decelerate sputtered 
species and reduce the energy of adatoms on the substrate. Thin film growth follows the 
“Island-mode” mechanism and voids and spaces form between free-standing columns. 
The interatomic forces between the columns produce tensile stress in the films. These 
films are low resistive with better adhesion to substrate. Under high chamber pressure (5 
mT-10 mT), gas phase collisions further reduce adatom energy. Interatomic forces 
between columns diminishes and porous structure created by these columns further 
reduces tensile stress. The films are more resistive but have good adhesion.  
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To produce a low resistive Mo back contact with good adhesion to the substrate, a bi-
layer structure (a compressive stressed low resistive layer on top of a tensile stressed high 
resistivity layer) was proposed. This bi-layer configuration proved to successfully 
fabricate low-resistivity Mo thin film on SLG substrate with good adhesion for CIGS PV 
[128]. It has been used as back contacts for CIGS and CZTS based solar cells for years. 
To further study the changes of Mo stress, morphology, and the adhesion to CIGS/CZTS 
thin films after a heat treatment, Karthikeyan et al. in our group did a series of in-situ 
studies to develop a thermally stable Mo bilayer for CIGS/CZTS PV applications [180]. 
In this study, four different Mo thin films were deposited using sputtering system. 
Bottom layer with thickness of 50 nm, 150 nm, 250 nm, and 500 nm were tested while 
the top layer thickness was adjusted to keep the total Mo film thickness about 1 µm, as 
shown in table 4.4.  
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Table 4.4 Four different configurations of Mo bi-layers. 
  5 mT bottom layer (nm) 1 mT top layer (nm) 
S1 50 950 
S2 150 850 
S3 250 750 
S4 500 500 
Mo stress variation during anneals ranging from 20 oC to 500 oC were measured.  
Basically, there are two critical factors can cause changes in the stress: (i) The coefficient 
of thermal expansion (CTE) of Mo (4×10-6 K-1) is lower than that of SLG (9-9.95×10-6 K-
1). As a result, Mo back contacts are put under increased tensile stress during the high 
temperature sulfurization of Cu-Zn-Sn precursors (ii) Softening of SLG occurs at high 
temperature. This can change the residual stress and adhesion of the Mo films. Dense 
compressively films have large elastic modulus that can induce high stress during thermal 
annealing. In turn, they have a higher stress relaxation during cooling and results in more 
compressively stressed films after cooling. The S4 sample has a 500 nm porous bottom 
layer. Its thermal stress will be low compared to other films resulting in less stress 
relaxation. 
The resistivity of Mo thin films before and after 500 oC anneal were also measured and 
shown in Figure 4.19.   
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Figure 4.19 The resistivity of Mo thin films before and after 500 oC anneal. 
S1 sample showed the lowest resistivity, however the adhesion and film thermal stability 
was poor. The resistivity of S4 sample was very high because of its thick porous bottom 
layer. In summary, S2 and S3 configurations showed good electro mechanical properties 
for a robust back contact layer for PV applications. 
CZTS thin films were grown on all these four Mo back contacts under the same 
sulfurization conditions. Morphologies of CZTS films are shown in Figure 4.20. It is 
clear that the grain size of CZTS deposited on S2 sample is the largest (~1 µm) while 
CZTS on S1 sample has the smallest grains. The extensive grain growth of CZTS on S2 
is probably due to the enhanced nucleation sites with the rougher surface of the S2 
configuration. 
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Figure 4.20 SEM images of CZTS deposited on Mo films with (a) S1, (b) S2, (c) S3, and 
(d) S4 configurations. 
 
Figure 4.21 (a) X-ray diffraction results, (b) Raman scattering results of CZTS 
deposited on Mo films of S1, S2, S3 and S4 configurations. 
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As shown in Figure 4.21 above, for CZTS deposited on S1, S2, and S3, all the XRD 
peaks aligned to CZTS. As for CZTS grown on S4, a peak at 32.68 o which corresponds 
to MoS2 (100) was observed. A Raman main peak at 333.8 cm-1 shifted to longer 
wavelength (335.1 cm-1) with increasing the thickness of bottom layer Mo. The Raman 
spectra of CZTS depends on the statistical disorder in the Cu and Zn cation sublattice. 
This disorder may initiate a change of the crystal symmetry from kesterite-type (𝐼𝐼4) to 
the (𝐼𝐼42𝑚𝑚) space group [154]. In most cases, CZTS crystals grown at high temperature 
are characterized as the co-existence of regions with different composition ratio of 
Cu/(Zn + Sn) which results in kesterite and disordered kesterite phases. Disordered phase 
with the (𝐼𝐼42𝑚𝑚) symmetry is shown as a dominant broadened A-symmetry peak at lower 
wavelength than the peak of the main A-symmetry kesterite structure at 337 cm-1. The 
red shift of the main peak means that the CTZS disordered phase is reduced when 
deposited on S4. Meanwhile EDS results (Table 4.5) show the Cu poor/Zn rich 
composition of CZTS on S4 which might be responsible for the Raman peak shift. 
Table 4.5 EDS results of CZTS deposited on Mo films of S1, S2, S3 and S4 
configurations. 
Sample S Atomic 
% 
Cu Atomic 
% 
Zn Atomic 
% 
Sn Atomic 
% 
Cu/(Zn
+Sn) 
Zn/Sn 
CZTS on S1 51.0 23.5 12.4 13.1 0.92 0.95 
CZTS on S2 50.3 24.2 12.2 13.3 0.95 0.92 
CZTS on S3 50.6 23.9 12.3 13.2 0.94 0.93 
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CZTS on S4 50.3 23.6 14.5 11.6 0.9 1.25 
Even though S4 Mo produced CZTS thin film with less disorder phases, it was highly 
resistive and therefore not an optimal back contact. Based on previous discussions, the S2 
configuration was chosen as the default CZTS back contact in later research. The 
thickness of different metal precursor layer can be controlled to tune the CZTS chemical 
composition and crystal structures. 
Searching for possible back contact metals for CZTS solar cell application, 13 different 
metals that can make ohmic contacts with CZTS were taken into consideration, as shown 
in table 4.6.  
Table 4.6 The properties of possible contact metals. 
Metals Work Function 
(eV) [181] 
Coefficient of Thermal 
Expansion (×10-6 K-1) 
[181]  
Resistivity ρ 
(×10-6 Ω·cm) 
[182, 183] 
Price (USD) 
[184, 185] 
Mo 4.36-4.95 5 5.34 8.0/lb 
Cr 4.5 6.2 12.5 1.05/lb 
Al 4.06-4.26 22.2 2.82 0.7/lb 
Ti 4.33 8.6 42.0 8.6/lb 
Fe 4.67-4.81 12 10.0 52.15/t 
Co 5.0 12 6.24 13.65/lb 
Ni 5.04-5.35 13.0 6.99 4.76/lb 
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Ag 4.26-4.74 19.5 1.59 15.33/ozt 
Au 5.1-5.47 14.2 2.44 1117.4/ozt 
Pt 5.12-5.93 9.0 10.6 1600.5/ozt 
W 4.32-5.22 4.3 5.6 27.72/lb 
Ta 4.0-4.8 6.5 13.1 140/lb 
Pd 5.22-5.6 11.8 10.54 1613/ozt 
Among the back contact candidates, Ag, Au, Pt, and Pd were ruled out because of their 
high price. As for ferromagnetic metals around room temperature, Fe is easily oxidized, 
while Co is toxic and Ni has a low Curie temperature (355 oC) which might cause a 
change of Ni film during sulfurization process. Looking for other candidates with lower 
electrical resistivity, Mo, Cr, Al, and Ti are chosen as back contact candidates of interest. 
CZTS thin film were deposited on SLG coated with these four metals. As shown in the 
SEM images in Figure 4.22, CZTS deposited on Mo was close-packed with large grains. 
While CZTS films grown on other metals have smaller grain size. It is also shown in 
cross-section images that Mo back contact has a columnar structure, while other metals 
don’t. This structure might be beneficial to Na diffusion into Cu-Zn-Sn precursors and be 
useful to enhance the grain growth. Meanwhile, Cr, Al, and Ti will react with Zn, Sn or 
Cu in the precursors and this reaction might also slow the CZTS growth process. This is 
supported by XRD results (Fig. 4.23).  
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Figure 4.22 Top view and cross-section SEM images of CZTS deposited on (a) Mo-
coated SLG, (b) Cr-coated SLG, (c) Al-coated SLG, (d) Ti-coated SLG. 
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Figure 4.23 X-ray diffraction results of CZTS deposited on Mo, Cr, Al, and Ti-coated 
SLG. 
4.6 Conclusions 
An optimized two-step method of growing Cu2ZnSnS4 (CZTS) thin films was developed. 
Using it, it is possible to control the CZTS grain size and film morphology. Several 
factors that affect CZTS grain growth, such as sulfurization temperature, sulfurization 
time, the diffusion of impurities from the SLG through Mo or through the ambient, the 
stacking order of the precursor metal layers, and the back contact layer properties. The 
results show that control of the thin film composition can be achieved by precisely 
controlling the thickness of each metal layer during thermal evaporation. Considering the 
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requirements of an optimal CZTS film, we found that the precursor stacking sequence 
Cu/Sn/Cu/Zn precursors produced phase pure kesterite CZTS. Sulfurization at 600oC for 
4 hours with exposed SLG in the ampoule helps obtain a uniform film with grains about 
one micron in size. 
In order to improve the efficiency of CZTS-based thin film solar cells, a deeper 
understanding of the fundamental properties and optimal preparation of CZTS material is 
important. Even though there is no consensus on which way is the best for the preparation 
of CZTS thin films [56], the process established here has the potential in promoting the 
development of low-cost CZTS thin film solar cells.   
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Chapter 5 
5 CZTS Thin Film Solar Cell Fabrication and Device Measurement 
5.1 CZTS Thin Film Solar Cell Fabrication  
5.1.1 Introduction  
In this chapter, CZTS thin films with different chemical compositions were formed by 
thermal evaporation and a post-deposition sulfurization process. Completed solar cells 
were fabricated based on those CZTS thin films and device measurements were also 
conducted to study the relationship between film composition, carrier concentration and 
solar cell performance from an experimental point of view. Meanwhile, CZTS thin film 
morphology changes related to chemical composition variation and its influence on solar 
cell performance are also studied.   
5.1.2 Experimental Details 
The metal precursor layers (Cu, Zn, and Sn) were deposited in a stack on Mo-coated 
soda-lime glass substrates without breaking vacuum by thermal evaporation and then 
sulfurized at 560 oC to obtain Cu2ZnSnS4 (CZTS) thin films. A lower temperature is used 
instead of the 600 oC mentioned in the previous chapter, because a sulfurization 
temperature below SLG transition temperature (575 oC) is beneficial to produce low 
stress CZTS. The thicknesses of metal layers in precursor stack were adjusted to tune the 
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film composition. Various precursors with different metal thicknesses were studied to 
determine the effect of the film chemical composition on the film properties and final 
solar cell performance. A Cu/Sn/Cu/Zn stacking order (from bottom to top) was used in 
this series of experiments as it proved to be able to make functional CZTS thin films in 
previous chapter. We tested Zn poor, stoichiometric, Zn rich and extremely Zn rich CZTS 
films, Zn/Sn = 0.91, 1.01, 1.24, 1.35 in this report, as shown in Table 5.1. We also tested 
a Cu/Sn/Zn/Cu precursor and fabricated a CZTS solar cell using this absorber layer.  
Table 5.1 Summary of CZTS deposition conditions. 
Sample  Number Precursor (Cu/Sn/Cu/Zn) After Sulfurization  
Cu (nm) Zn (nm) Sn (nm) Total (nm) Cu/(Zn+Sn) Zn/Sn 
1 Zn poor 299.9 199.4 342.8 842.1 0.98 0.91 
2 Stoichiometric  288.8 206.1 342.8 837.7 0.92 1.01 
3 Zn rich 264.9 217.9 342.7 825.5 0.87 1.24 
4 Extremely Zn 
rich  
265 235.5 343.7 844.2 0.83 1.35 
The device structure used for CZTS solar cells is identical to that used for CIGS solar 
cells, except for the substitution of CZTS for CIGS. The device stack was formed using a 
SLG substrate, a sputtered bi-layer Mo back contact, thermally evaporated CZTS, 
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chemical bath deposited (CBD) CdS, a sputtered ZnO/ITO double layer, and sputtered 
Ni/Al grids, as shown in Figure 5.1. No wet etching of the absorber was done to eliminate 
secondary phases.  
Current-voltage (I-V) measurements were performed under simulated AM 1.5 solar 
spectrum with 100 mW/cm2 (1 sun) illumination. Standard capacitance-voltage (C-V) 
measurement and analysis techniques [169] were utilized to estimate the concentration 
and defect level near the CZTS/CdS heterojunction. This method relies on the fact that 
the width of a reverse-biased space-charge region (SCR) of a semiconductor junction 
device depends on the applied voltage and assumes that charge is limited to carriers and 
ionized acceptors. A Hewlett-Packard 4194A Precision Impedance Analyzer was used to 
measure capacitance as a function of voltage, at room temperature, from -3V to +1V. The 
ac signal applied was 0.1V at 200 kHz. The carrier concentrations as a function of 
voltage and also the distance from the junction were derived from the C-V data. The 
defect concentration distribution near heterojunction interface has a strong influence on 
the electronic properties of the device and also the efficiency of solar cells. 
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Figure 5.1 Schematic representation of the final CZTS solar cell. 
5.2 Chemical Composition Dependence on CZTS Thin Films 
Prior to thin film solar cell fabrication, CZTS absorbers were characterized using X-ray 
diffraction, Raman scattering, SEM and EDS. The influence of the chemical composition 
on CZTS film structural properties and morphologies was studied. XRD results collected 
from samples on Mo-coated SLG (Cu/Sn/Cu/Zn precursor metal stacks) which were 
sulfurized from precursors with various chemical compositions have shown that kesterite 
CZTS thin films were produced (Figure 5.2 (a)). Similarly the two strongest Raman 
peaks at 284.2 cm-1 and 335.1 cm-1 are consistent with the kesterite CZTS phase. The 
peak at 368 cm-1 can also be indexed to CZTS [95]. The shoulder seen from 350-355 cm-1 
can be attributed to the ZnS phase; it confirms that CZTS-4 is Zn rich as shown in Table 
5.1. CZTS grains are close-packed with an approximate size of 1 micron (Fig. 5.3). No 
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clear relationship is seen between thin film chemical composition and grain size. 
However, non-uniformity is observed in some areas for Zn rich samples CZTS-3, and 
CZTS-4. As a result, the film is divided to two regions with different Zn compositions, as 
shown in Figure 5.6 (a) and (b). The bright area with many tiny grains is Zn rich, while 
the darker area with normal grain size is stoichiometric. This non-uniformity occurs 
during the sulfurization process and is probably due to insufficient inter-diffusion 
between precursor metals. This phenomenon brings up the idea of switching Cu and Zn 
layer and making Cu the top layer, which will be explained in detail soon.  
 
Figure 5.2  (a) X-ray diffraction, and (b) Raman scattering results of CZTS thin films 
with different chemical compositions. 
  122 
 
Figure 5.3 SEM images of CZTS thin films with various chemical composition. 
5.3 Chemical Composition Dependence on CZTS Solar Cell Performance 
Figure 5.4 (a) shows that higher carrier concentration appears near the CZTS/CdS 
interface and carrier concentration decreases with increasing the reverse bias applied for 
solar cell fabricated from CZTS thin films. Clearly one can vary the carrier concentration 
over several orders of magnitude by changing the composition. It appears from the CV 
results that the carrier concentration profile is not uniform, instead varying with depth 
into the absorber. This might be caused by some defects or interface effects. For example, 
Zn poor or stoichiometric film composition might suppress the VCu defect formation and 
relatively enhance the formation of CuZn antisite defect which cause the higher carrier 
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concentration. It is also possible that the CV technique is measuring the response of traps 
at or near the CZTS/CdS interface, as well as the majority carrier response. This is 
consistent with the carrier concentration profile reported for solar cells fabricated from 
CZTS-1 and CZTS-2. 
The carrier concentration profile influences the device performance very directly. If the 
concentration is too high, the depletion width is narrow and carrier collection is poor. If 
the carrier concentration is low, the absorber is fully depleted, also leading to poor 
performance. Doping gradients create electric fields that can either aid or hinder carrier 
transport. Figure 5.4 indicates profiles that are increasing with voltage, which means 
carrier concentrations are decreasing with depth. This leads to band bending that will 
obstruct the transport, however shallow peaks in the profiles, as shown by several 
samples, will improve carrier collection since the doping profile beyond the peak creates 
an electric field pointing toward the CZTS thin film. 
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Figure 5.4 Carrier concentration profiles of CZTS thin films with different chemical 
compositions, (a) carrier concentration vs. voltage curve, and (b) carrier concentration vs. 
depletion depth curve. 
We observe that increasing the Zn/Sn ratio and decreasing the Cu/(Zn+Sn) ratio lead to 
lower carrier concentration and better solar cell performance. Figure 5.5 shows an 
efficiency of 1.39%, 1.44%, 2.64%, and 0.69% for solar cell CZTS-1, CZTS-2, CZTS-3, 
CZTS-4, respectively, for a total area of 0.126 cm2. These values were achieved without 
using an anti-reflecting layer. The optimal composition of CZTS absorber for making 
solar cells (Cu/(Sn+Zn)=0.8-0.95, Zn/Sn=1.1-1.25) in order to form primary defect VCu 
in CZTS absorber is confirmed in this study. However, the carrier concentration starts to 
grow and solar cell performance drops if the Zn/Sn ratio is too large, as shown in Figure 
5.5. Also, it is observed that Jsc increases almost 70% when Zn/Sn ratio changes from 
~0.9 to 1.24, but drops to only half of the value when Zn/Sn increases further to 1.35. 
This demonstrates the narrow region of optimal CZTS thin film chemical composition.  
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Figure 5.5 I-V curve for solar cells fabricated from CZTS thin films with different 
chemical compositions. 
The efficiency is limited partly by FF which shows low shunt resistance (Rsh) and high 
series resistance (Rs). The J-V measurement results also show a cross-over of dark and 
light J-V curve which indicates large Rs. It will be discussed in detail in Chapter 6. 
Secondly, the low conversion efficiency is due to relatively low Jsc which is a 
characteristic of high recombination losses in bulk and at interfaces and inefficient carrier 
collection. Thirdly, due to a non-optimum grid design, an estimated 20% of the total area 
is covered by the grid. A lower Jsc is expected for a solar cell with reducing active area.  
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5.4 Morphology Dependence on CZTS Thin Film Solar Cell Performance 
As previously mentioned, the chemical composition influences the film morphology of 
CZTS, and further the solar cell performance. When Cu/(Zn+Sn) ratio is decreased and 
Zn/Sn ratio is increased, we frequently observe CZTS non-uniformity. To be specific, 
more ZnS precipitates appear on the surface of CZTS thin film and this non-uniformity of 
Zn distribution hinders CZTS grain growth. As a result, areas with small grains are 
always found to be Zn rich, while other areas are stoichiometric (Fig. 5.6). This non-
uniform morphology might be responsible for higher recombination losses and lower 
carrier collection efficiency as discussed before.  
Based on our four-layer precursor stacks discussed in a previous section, we fine-tuned 
the CZTS thin film microstructure morphology and structural properties by looking at 
both the Cu/Sn/Cu/Zn and Cu/Sn/Zn/Cu metal precursor stacking order. The thicknesses 
of metal layers in precursor stacks were adjusted to tune the film composition. 
Precursors with metal stacking orders Cu/Sn/Cu/Zn and Cu/Sn/Zn/Cu were sulfurized 
under the same conditions and structural and morphological characterizations were 
conducted for both thin films. For the CZTS thin films produced by Cu/Sn/Zn/Cu 
precursor, grains were close-packed with an approximate size of 1 µm (Figure 5.6 (d)). 
EDS results revealed that the CZTS thin film has a composition ratio of Cu/(Zn+Sn) = 
0.82, and Zn/Sn = 1.35. However, in films produced by precursor stacks with Zn on top, 
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there are areas with extremely small grains as shown in Figure 5.6 (a) and (b). EDS 
results show that the small grain area is extremely Zn and S rich (Figure 5.7 (c)), 
suggesting zinc sulfide (ZnS) precipitates on the film surface when a precursor with Zn 
on the top is sulfurized. These areas are smaller than the three-layer Cu/Sn/Zn stack, but 
the still could be found. 
 
Figure 5.6 SEM images of CZTS thin film produced by precursor (a) with Cu on top 
(lower magnification), (b) with Cu on top (higher magnification), (c) with Zn on top (lower 
magnification), and (d) with Zn on top (higher magnification). 
X-ray diffraction results of CZTS thin films showed they are in kesterite phase (Figure 
5.7 (a)). However, for the thin film produced by precursor stacks with Zn on top, two 
small peaks at 27.62o and 48.62o (annotated by the blue stars) show the existence of ZnS 
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secondary phase. Similarly the two strongest Raman peaks at 284.8 cm-1 and 335.3 cm-1 
were consistent with the kesterite CZTS phase. The 373.5 cm-1 peak can also be indexed 
to CZTS [95]. However the feature at 350 cm-1 again suggests the formation of ZnS. 
Solar cell fabricated using the CZTS thin film produced by Cu/Sn/Zn/Cu precursor as the 
absorber layer exhibited an open-circuit voltage of 433 mV, a short-circuit current of 7.78 
mA/cm2, a fill factor of 46.2% and a conversion efficiency of 1.56%, which is shown in 
Figure 5.7 (d).  
The ZnS precipitated CZTS thin film solar cell fabricated from precursor with Zn on top 
shows lower conversion efficiency (1.16%) and fill factor (34.5%). As is known, ZnS has 
a band gap of 3.5-3.8 eV [55], making it behave as an insulator in CZTS thin films. This 
leads to a decrease of solar cell active area which explains the low short-circuit current. 
At the same time, ZnS precipitates are also responsible for the increase of device series 
resistance, decreasing the fill factor. The efficiency of solar cell fabricated from 
Cu/Sn/Zn/Cu precursor is also higher than the efficiency of Zn very rich solar cell 
(0.69%) in previous discussion, which makes it a consistent result. To reduce the 
secondary phase and non-uniformity issues, we standardized on the metal precursor 
stacking order Cu/Sn/Zn/Cu. 
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Figure 5.7 X-ray diffraction results, (b) Raman scattering results, (c) EDS results, and 
(d) I-V characteristic of solar cells made of these CZTS thin films at room temperature. 
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Figure 5.8 EQE results of solar cells made of these CZTS thin films at room 
temperature. 
Figure 5.8 shows external quantum efficiency (EQE) spectrum of solar cells fabricated 
from these precursors. The EQE increases sharply around 350 nm, which is associated 
with window layer. The notch between 450 nm and 500 nm is in associated with 
absorption by the CdS buffer layer [186]. The maximum EQE is obtained at a photon 
wavelength of 550 nm. For longer wavelengths, (λ > 600 nm), the EQE curve shows a 
weak response indicating very low collection efficiency due to higher recombination 
losses in the bulk and depletion region that leads to a short minority carrier diffusion 
length [100]. Then EQE drops rapidly to less than 50% of the maximum value at 800 nm 
and reduces to almost zero around 850 nm. Comparing these two solar cells, it is clear 
that both cells have similar EQE associated with window layer and buffer layer CdS. 
However, the maximum EQE obtained for solar cell produced from Cu/Sn/Zn/Cu 
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precursor is about 76%, while the other cell fabricated from precursor with Zn on the top 
has lower EQE and the maximum value is around 73%. EQE related to CZTS absorber 
layer shows that the carrier collection efficiency of two cells is different. CZTS 
synthesized from precursor with Zn on the top has higher recombination losses and then 
shorter minority carrier diffusion length compared to absorber produced from precursor 
with Cu on the top. It is probably due to the non-uniformity of CZTS absorber. The rapid 
diminishing tail shows very strong rear surface recombination and low minority carrier 
diffusion length.  
The estimated band gap energy of CZTS film is 1.46 eV (almost no light is absorbed 
beyond 850 nm), in good agreement with earlier report for pure sulfide CZTS films. 
Further optimization in the composition and morphology of the CZTS absorber layer is 
needed to increase minority carrier lifetime and reduce recombination losses. 
5.5 Conclusion  
A two-step method of growing Cu2ZnSnS4 (CZTS) thin films was developed. Using it, it 
is possible to control the CZTS film chemical composition. Considering the requirements 
of optimal CZTS film, we first chose to use Cu/Sn/Cu/Zn precursors to grow phase pure 
kesterite CZTS. Sulfurization of metal stacks inside evacuated quartz ampoule at 560 oC 
for 4 hours helps obtain CZTS thin film with grains about one micron in diameter. We 
have fabricated CZTS solar cells with efficiencies of up to 2.64%. Through capacitance-
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voltage measurement results, we have shown that CZTS thin film chemical composition 
affects its carrier concentration profile. For Cu-deficient films, the carrier concentration 
first decreases with increasing Zn/Sn ratio, but then increases sharply when the Zn/Sn 
ratio is increased from 1.24 to 1.35. Further study on detailed carrier concentration depth 
profile with various film compositions is needed. 
Also, CZTS solar cells with efficiencies of 1.56% and 1.16% at room temperature were 
fabricated using CZTS thin films obtained from sulfurization of two different metal stack 
precursors Cu/Sn/Zn/Cu and Cu/Sn/Cu/Zn. It is suggested that precursors with Cu on the 
top provide more uniform CZTS thin films with fewer ZnS secondary phase and 
therefore produce higher efficiency solar cells.  
  133 
Chapter 6 
6 Post Deposition Rapid Thermal Annealing (RTA) of CZTS Solar Cells  
6.1 RTA of CZTS Thin Films and Solar Cells  
6.1.1 Introduction  
The conversion efficiency of CZTS thin film solar cells is improving, but is still well 
below the level required for commercialization. To a large extent, this is due to the 
difficulty of controlling the CZTS film morphology and chemical composition. In this 
project, CZTS thin films were produced from thermally-deposited metal precursor stacks 
followed by an ex-situ sulfurization process. To improve the microstructure morphology 
and properties of CZTS, various approaches have been studied, such as tuning the thin 
film chemical composition, testing different metal precursor stacking orders, and 
optimizing back contact metal deposition. Besides optimizing CZTS synthesis, post 
deposition rapid thermal annealing (RTA) of complete CZTS solar cells was also 
investigated since it has been shown to improve CIGS solar cell performance, as 
discussed in Chapter 2 in detail. The absorber bulk carrier concentration and defect level 
at p-n interface were studied by C-V measurement. Further the influence of post 
deposition RTA on CZTS solar cell performance was also explored. The motivation of 
this work is to apply this approach to CZTS thin film solar cells and to study the 
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relationship between post deposition RTA conditions, CZTS thin films, CZTS/CdS 
interfacial defect concentration and solar cell performance. 
6.1.2 Experimental Details  
A Cu/Sn/Zn/Cu metal precursor stacking order (from bottom to top) was used in this set 
of experiments as it proved to be able to make functional CZTS thin films with better 
uniformity as described in a previous chapter. CZTS thin films were synthesized under 
optimized conditions, and cut into two pieces. One piece was used to investigate the 
effect of post RTA on CZTS thin film properties by forming Schottky junctions with Al 
deposition. The other one was used for CZTS thin film solar cell fabrication following 
the standard procedures discussed in Chapter 5. Both the CZTS thin films and solar cells 
went through the same post RTA cycles, which were conducted sequentially at 150 oC, 
200 oC, 250 oC, 300 oC, 350 oC and 400 oC for 30 seconds in a N2 atmosphere, 
respectively. We then investigated the effect of post RTA on the CZTS thin films and 
CZTS solar cell performance separately. In this way, it was possible to separate the 
change or improvement of the CZTS absorber material characteristics and the CZTS/CdS 
p-n interfacial properties. We assume the alteration of ZnO/ITO layer and Ni/Al top 
contact is negligible.   
I-V and C-V measurements were carried out after each annealing step to study the post 
RTA effect on CZTS solar cell performance. The short circuit current density (𝐽𝐽𝑠𝑠𝑐𝑐), open 
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circuit voltage (𝑉𝑉𝑜𝑜𝑐𝑐), fill factor (𝐹𝐹𝐹𝐹), and conversion efficiency (η) are the major cell 
characteristics of interest. In order to address the effect of post RTA on CZTS thin film 
properties, film crystalline structure, microstructure morphology, and chemical 
composition were characterized after each anneal.  
6.1.3 RTA Temperature dependence on Solar Cell Efficiency Improvement 
Post deposition RTA was done on a solar cell with 1.56% efficiency at room temperature. 
Electrical test results showed that the solar cell performance improved with the increasing 
RTA temperature, reaching the highest performance after annealing at 350 oC. However, 
the 𝐽𝐽𝑠𝑠𝑐𝑐, 𝑉𝑉𝑜𝑜𝑐𝑐, and 𝐹𝐹𝐹𝐹 dropped sharply after a 400 oC anneal (Fig. 6.1). More details about 
how the solar cell properties change with the increasing RTA temperature are shown in 
Figure 6.2. 
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Figure 6.1 Solar cell I-V characteristics at room temperature and different post RTA 
temperatures. 
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Figure 6.2 (a) Solar cell conversion efficiency, (b) Voc, (c) Jsc, and (d) FF at room 
temperature and different post RTA temperatures. 
If the CZTS device follows the same behavior as CIGS solar cells, one might expect that 
the annealing process leads to Cd diffusion into the absorber. This may lead to a 
displacement of the p-n junction away from the hetero-interface, reducing interfacial 
recombination. Doping compensation may also increase the depletion width, thereby 
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improving the carrier collection. It is also possible that the annealing process simply 
improves the CZTS absorber properties or the interface by reducing the trap density.  
6.2 RTA temperature dependence on CZTS/CdS interfacial properties  
In order to study the relationship between CZTS/CdS interfacial properties and post RTA 
temperature, C-V measurements were conducted after each annealing step. With 
annealing, the CZTS/CdS interfacial defect concentration first increases with increasing 
RTA temperature and starts to decrease at 350 oC. Accordingly, the zero bias depletion 
width in the absorber decreases first, but increased at 350 oC. Meanwhile, increasing 
RTA temperature shifts the zero bias depletion depth to smaller values.  
 
Figure 6.3 CZTS C-V profile at room temperature and different post RTA 
temperatures. (a) Carrier concentration vs. voltage profile, (b) carrier concentration vs. 
depletion depth profile. 
As shown in Figure 6.3 (b), the carrier concentration in these films, as measured by 
standard C-V, is quite high near the surface. If true, this is the reason for the low values 
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of JSC (Fig. 6.2 (c)). However, sharply rising profiles for lower post RTA temperature 
near the surfaces can also be associated with surface states. 
The high temperature profiles suggest counter doping diffusion from the CdS. It is 
observed that carrier concentration curves bend down near zero bias for 300 oC, 350 oC, 
and 400 oC post RTA (Fig. 6.3 (a)), but others do not. The high temperature behavior 
may be due to a reduction of the defect-related charge and surface states at CZTS/CdS 
interface which improves Voc (Fig. 6.2 (b)). However, the recombination velocity 
depends on both the trap density and the minority carrier concentration. Changes in the 
carrier concentration profile can lead to band bending that reduce the minority carrier 
concentration. It is difficult to deconvolute these two effects. 
 
Figure 6.4 (a) Mott-Schottky plot (1/C2 vs. V profile), (b) built-in voltage (Vbi) of CZTS 
thin film solar cell with increasing post RTA temperature. 
Besides doping concentration, CZTS/CdS junction built-in voltage (Vbi) was also 
investigated by extrapolating the C-V measurement results. The relationship between 
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1/C2 and voltage (Mott-Schottky plot) was plotted for CZTS solar cells under various 
post RTA conditions (Fig. 6.4 (a)), and Vbi was derived from the intercept of the plot by 
                                              1
𝐶𝐶2
= 2
𝑞𝑞𝑁𝑁𝐴𝐴𝜀𝜀𝑠𝑠𝜀𝜀0𝐴𝐴2
(𝑉𝑉𝑎𝑎𝑖𝑖 − 𝑉𝑉)                                                  (6.1) 
                                               𝑁𝑁𝐴𝐴 = 2
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𝑑𝑑
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(1/𝐶𝐶2)�                                                      (6.2) 
where 𝑁𝑁𝐴𝐴= doping density (cm-3), q = the electron charge (1.6×10-19 C), 𝜀𝜀0 = permittivity 
of free space (8.85×10-14 F/cm), 𝜀𝜀𝑠𝑠 = dielectric constant (𝜀𝜀0 of CZTS is 7 from first 
principle calculation [187]), A = area of the cell (cm2), C = measured capacitance, and V 
= applied DC voltage.  
An increasing of Vbi was observed with increasing post RTA temperature. This 
phenomenon is also consistent with the observation of Voc improvement and suggests a 
depinning of the Fermi level at the surface since counter doping in the absorber should 
decrease the barrier height. As shown in Figure 6.4 (b), Vbi is higher than Voc under high 
temperature post RTA conditions. This is an artifact and suggests that the simple model 
of the junction is incorrect. Obviously, post RTA treatments reduce interfacial states and 
improve the Vbi which also benefits Voc and solar cell performance. The measured Vbi of 
solar cells under post RTA at 350 oC and 400 oC were unphysically high (Fig. 6.4), and it 
might be related to the Cd counter doping into CZTS at CZTS/CdS interface with 
increasing post RTA temperature. The CZTS absorber will be fully depleted along the 
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grain boundaries and p-n junction be damaged at high temperature (above 400 oC), 
resulting poor solar cell performance.  
This is not to say that counter doping is detrimental. This is certainly not the case. It will 
have a significant impact of carrier collection efficiency. For CZTS thin film solar cell 
without post RTA treatment, the Vbi of the junction is about 0.55 V (Fig. 6.4). The 
average doping concentration (𝑁𝑁𝐴𝐴) calculated using the equation (6.2) was 2×1017 cm-3. 
With Vbi and 𝑁𝑁𝐴𝐴, the depletion width (𝑊𝑊𝑑𝑑) can be estimated by [63]  
                                                   𝑊𝑊𝑑𝑑 = (2𝜀𝜀𝑠𝑠𝜀𝜀0𝑉𝑉𝑎𝑎𝑖𝑖/𝑞𝑞𝑁𝑁𝐴𝐴)1/2                                           (6.3) 
A simple calculation gives us an estimation of 𝑊𝑊𝑑𝑑 = 32.6 nm. Meanwhile, carrier 
diffusion length can be derived by [63] 
                                              𝐿𝐿𝑖𝑖~(𝐷𝐷𝑖𝑖𝜏𝜏)1/2 = [𝜇𝜇𝑖𝑖(𝑘𝑘𝑘𝑘/𝑞𝑞)𝜏𝜏]1/2                                     (6.4) 
where 𝜇𝜇𝑖𝑖 is the electron mobility (𝜇𝜇𝑖𝑖 of CZTS is conservatively assumed as ˃ 5 cm2/Vs 
[63]), 𝜏𝜏 is the minority carrier lifetime (𝜏𝜏 of CZTS is estimated as 8 ns [63]), and 𝑘𝑘𝑘𝑘 𝑞𝑞⁄  is 
28.85 mV at room temperature. 
The lower bound of the CZTS carrier diffusion length was estimated, 𝐿𝐿𝑖𝑖 ~ 352.2 nm. The 
sum of the estimated 𝑊𝑊𝑑𝑑 (~32.6 nm) and the 𝐿𝐿𝑖𝑖 (~ 352.2 nm) is about 384.8 nm. Thus, 
the total thickness that contribute to the photocurrent is much smaller than the CZTS film 
thickness (1.5~2 μm). This suggests very poor collection of carriers across the entire 
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absorber thickness, which might explain the low Jsc observed before. Assuming we don’t 
change carrier mobility and minority carrier lifetime, the carrier diffusion length 𝐿𝐿𝑖𝑖 is 
relatively stable. The only approaches to improve the CZTS solar cell performance are 
either increase the Voc or decrease surface doping concentration 𝑁𝑁𝐴𝐴. From the previous 
discussions, post RTA treatment proves to be helpful in both aspects.  
In order to test the repeatability of the effects of post RTA, same experiments were 
carried out on several other CZTS thin film solar cells. Similar results were observed. 
Solar cell performance increases with increasing post RTA temperature, and reaches a 
highest point at optimum temperature before going down again. The optimum 
temperature is either 300 oC or 350 oC, depending on the unannealed CZTS doping 
concentration. Figure 6.5 (a) shows a CZTS solar cell reaching the highest performance 
at 300 oC post RTA, and efficiency starts to drop after 350 oC anneal. 
 
Figure 6.5 (a) I-V measurement results, and (b) carrier concentration vs. voltage profile 
of another CZTS solar cell. 
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As shown in Figure 6.5 (b), the initial carrier concentration (room temperature profile) of 
this cell is higher than the device we discussed before. Also, the carrier concentration 
follows the similar trend and increases with increasing post RTA temperature. The Ncv 
curve bending near zero and -1 volt bias was observed as well. This suggests the 
repeatability of post RTA effect on enhancing CZTS thin film solar cell performance. 
6.3 RTA temperature dependence on CZTS thin film properties 
6.3.1 Experimental Details  
Previously, the effect of post RTA on CZTS/CdS junction properties was investigated. In 
order to make it clear whether other factors also contribute to the improvement of solar 
cell performance during post RTA, the post RTA temperature dependence on CZTS thin 
film properties was studied.  
CZTS thin films, which were synthesized by sulfurizing the thermally deposited optimum 
metal precursor stack Cu/Sn/Zn/Cu, were cut into several pieces. One piece was used to 
form a Schottky junction by depositing Al onto its surface, and then went through post 
deposition RTA at 150 oC, 200 oC, 250 oC, 300 oC, 350 oC, respectively. We didn’t test 
400 oC post RTA because of its detrimental effect on junction interface seen in previous 
experiments. XRD, Raman scattering, SEM/EDS, and CZTS carrier concentration were 
measured after each anneal. Another piece only went through a 350 oC post RTA and 
then was used to fabricate a thin film solar cell. Post deposition RTA at 150 oC, 200 oC, 
  144 
250 oC, 300 oC, 350 oC were carried out on this cell later. I-V and C-V profile were 
measured after each anneal. 
6.3.2 Results and Discussions  
XRD results of CZTS thin films as-deposited and under various RTA conditions were 
shown in Figure 6.6. All the peaks are aligned to CZTS and no significant changes were 
observed with different annealing temperature. However, a blue shift of the main Raman 
peak was observed with increasing post RTA temperature (Fig. 6.7). For as-deposited 
thin film without post RTA, Raman main peak was at 337 cm-2 which indicated kesterite 
CZTS. While, the Raman main peak shifted to 332 cm-1 after post RTA at 350 oC, which 
was reported to be related to stannite CZTS [154]. As discussed before in Chapter 2, this 
might be due to the introduction of Cu-Zn disorder during the RTA at higher 
temperatures. 
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Figure 6.6 XRD results of CZTS thin film as-deposited and under treatment with 
increasing post RTA temperature. 
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Figure 6.7 Raman scattering results of CZTS thin film as-deposited and under 
treatment with increasing post RTA temperature. 
Similarly, C-V measurement was carried out to investigate the effect of RTA on CZTS 
carrier concentration. Figure 6.8 shows significant and interesting contrasts with the 
carrier profiles of full devices that have been annealed (Fig. 6.5b). First, the carrier 
concentrations are generally about an order of magnitude higher in the Schottky device. 
We do not know the reason for this. Second, the Schottky devices do not show a peak in 
the carrier profile. This could either indicate a deeper zero-bias depletion width or that 
the peak in full devices is related to the CdS layer. Cd may be diffusing into the CZTS, 
counter doping the surface. In CIGS it is believed that the surface of the absorber 
becomes highly copper deficient as a result of the chemical bath process. The formation 
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of a copper deficient phase has been observed. This phase is believed to be n-type which 
could also explain the observed profile. 
 
Figure 6.8 Carrier concentration vs. voltage profiles of CZTS thin film as-deposited and 
under treatment with increasing post RTA temperature. 
In order to study the effect of Cu-Zn disorder in CZTS absorber on solar cell performance 
and post RTA, one of the same CZTS pieces was rapid thermal annealed at 350 oC for 30 
seconds before going through standard solar cell fabrication steps. This cell later was 
treated with post RTA at 150 oC, 200 oC, 250 oC, 300 oC, 350 oC.  
I-V curve was measured after each anneal, however, the solar cell efficiency 
improvement was not observed this time (Fig. 6.9). To be specific, the solar cell 
performance decreased with increasing post RTA temperature, and reached the lowest 
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efficiency after the 350 oC RTA. Details on the changes of CZTS solar cell characteristics 
with increasing post RTA temperature were shown in Figure 6.10. 
 
Figure 6.9 I-V measurement results of CZTS thin film solar cell as-fabricated and under 
treatment with increasing post RTA temperature. 
Voc first increased with increasing post RTA temperature and reached the maximum 
value at 250 oC before dropping. This is probably due to the aforementioned counter 
doping of Cd into CZTS, which improves the junction properties and Voc. An increase in 
Jsc was observed with increasing post RTA temperature, while conversion efficiency and 
FF were reduced rapidly. I-V curves can be extrapolated to give information about series 
resistance (RS) and shunt resistance (RSH). The slope of I-V curve at Jsc is proportional to 
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the RSH, and the slope at the Voc point is proportional to the RS. The decrease of RSH can 
explain the drop in FF.  
 
Figure 6.10 (a) Solar cell conversion efficiency, (b) Voc, (c) Jsc, (d) FF of CZTS thin film 
solar cell as-fabricated and under treatment with increasing post RTA temperature. 
The carrier concentration (𝑁𝑁𝐴𝐴) was derived after each RTA treatment by conducting C-V 
measurements. 𝑁𝑁𝐴𝐴 was found to be an order of magnitude higher for as-fabricated CZTS 
solar cell without post RTA than the device shown in Figure 6.5. This is probably due to 
the elimination of trap states that increase the carrier concentration after the 350 oC RTA. 
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The higher carrier concentration might be also due to the 350 oC RTA treatment on CZTS 
absorber before solar cell fabrication, which led to the introduction of Cu-Zn disorder 
defects into the film. Since the CuZn antisite is the dominant acceptor defect in CZTS, a 
higher carrier concentration is expected with more Cu-Zn disorder defects and also higher 
Jsc. 
 
Figure 6.11 C-V measurement results of CZTS thin film solar cell as-fabricated and 
under treatment with increasing post RTA temperature. 
The carrier concentration profiles sink near zero voltage, and the curves bend deeper at 
higher RTA temperatures. This is consistent with the observation in previous 
experiments, and interfacial doping level decreases because of Cd counter doping during 
the RTA. However, the bulk carrier concentration of CZTS absorber increases after 
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higher temperature RTA, which can explain the drop of solar cell performance. The latter 
may be due to the removal of deep states that traps charge.    
6.4 Conclusion  
A Cu2ZnSnS4 (CZTS) solar cell with an efficiency of 1.56% at room temperature was 
fabricated using a film obtained from sulfurization of the metal stack precursor 
Cu/Sn/Zn/Cu. It is suggested that precursor stacks with Cu on the top provide more 
uniform CZTS thin films with fewer ZnS secondary phases and then produce higher 
efficiency solar cells. The effect of post deposition RTA on complete CZTS solar cells 
was investigated. Solar cell performance first improves with increasing RTA temperature, 
but then decreases sharply near 400 oC. Through C-V measurement results, we have 
shown that post RTA of CZTS solar cell affects CZTS/CdS interfacial defect 
concentration profile and zero bias depletion depth, which means the defect-related 
charge at CZTS/CdS interface reduces and this improves Voc and the fill factor. The 
effect of RTA on CZTS absorbers was studied as well. An increase in CZTS carrier 
concentration was observed. This is probably due to the elimination of trap states during 
the RTA. It might be also a result of the introduction of Cu-Zn disorder as seen in the 
increasing Raman blue shift (Fig. 6.7) with increasing RTA temperature. It was reported 
that the near-resonant Raman was shown to be a convenient tool to track Cu/Zn disorder 
in CZTS ﬁlms, allowing determination of the critical temperature for the transition from 
ordered to disordered kesterite at a relatively low temperature 533 K (260 oC) [188]. This 
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is the temperature that the carrier concentration changes start to be observed. Further 
study on detailed solar cell performance improvement mechanism is needed.   
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Chapter 7 
7 Summary and Outlook 
7.1 Summary 
There is a growing interest in replacing Cu(InxGa1-x)Se2 (CIGS) light absorbers with 
CZTS and enhancing CZTS thin film solar cell conversion efficiency for large-scale 
manufacturing. This thesis presented the synthesis of Cu2ZnSnS4 (CZTS) thin films by 
the post sulfurization of thermally evaporated metal precursor stacks. The research 
focused on optimizing the growth of CZTS absorbers, and improving the CZTS solar cell 
performance from material and device level processes.   
The effects of sulfurization conditions, substrates, back contact layers, and metal 
precursor stacking orders on CZTS thin film structural properties and microstructures 
were investigated. Based on successfully synthesized CZTS thin films with better 
morphology and less secondary phases and defects, the influence of CZTS chemical 
composition on film properties and solar cell performance was studied. It was shown that 
CZTS thin film chemical composition affects the carrier concentration profile, which then 
influences the device characteristics. Only a small deviation from the optimal chemical 
composition can drop device performance significantly. This confirms the idea that the 
CZTS solar cells with high conversion efficiency exist in a relatively narrow composition 
region. 
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In addition to the CZTS absorber chemical composition study, a study of the effects of 
post deposition rapid thermal annealing (RTA) was conducted and its influence on solar 
cell performance was studied. It is observed that an optimized RTA enhances the device 
performance. Through C-V measurement results, we have shown that RTA of CZTS 
solar cell affects the CZTS/CdS interfacial defect concentration and zero bias depletion 
depth, which means that the defect-related charge at the CZTS/CdS interface is reduced. 
This increases both Voc and the fill factor. Also, the effects of RTA on CZTS absorber 
properties were investigated and an increase in CZTS carrier concentration was observed. 
This is probably due to the elimination of trap states during RTA. It might also be a result 
of the introduction of Cu-Zn disorder with increasing RTA temperature. 
7.2 Outlook 
Previous experiments show the possibility of growing CZTS on various metal back 
contact layers. Mo, Cr, Al, and Ti are identified as back contact candidates of interest. 
However, CZTS films grown on Cr, Al, and Ti have smaller grains compared to films 
grown on Mo. It is shown in cross-section images that only Mo back contact has a 
columnar structure, which might be beneficial to Na diffusion into Cu-Zn-Sn precursors 
and be useful to enhance the grain growth. This might be solved by providing an alternate 
source of Na as the vapor transport effect discussed in the thesis. However, Cr, Al, and Ti 
are also found to react with Zn, Sn or Cu in the precursors. This reaction might also slow 
the CZTS growth process. To further investigate these promising back contacts, optimal 
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deposition conditions for the metal layer need to be studied. The back contact film 
thickness, stress, resistance, and the stability of CZTS/metal interface must be 
investigated as well. 
The C-V measurement used here is one of the most widely-used electrical measurement 
techniques for evaluating Schottky diode or the p-n junction characteristics. The doping 
concentration near the p-n interface can be extracted from the capacitance profile. 
However, the technique measures all charge in the space charge region that is capable of 
following the applied ac signal, typically 100 kHz to 1 MHz. This includes both shallow 
bulk states and interface states. It is very possible that the increase in the carrier profiles 
near the CZTS/CdS interface is due to states associated with this interface. A more 
precise characterization of the CZTS thin film bulk carrier concentration can be obtained 
through DLCP measurements to supplement the C-V data because DLCP is not sensitive 
to interface states. To address the effect of RTA on CZTS absorber carrier concentration, 
DLCP is quite useful and contributes to a more accurate measurement. Also, near-
resonant Raman measurement can be used to track the Cu-Zn disorder and will be useful 
to explain the order-disorder transition in CZTS thin films.  
The development of CTZS absorbers and solar cell characterization methods applicable 
to CZTS PV has attracted much attention; however, a consistent relationship between 
device performance and material characterization is still being researched. Mostly, 
linking material characterization to solar cell performance is limited to closely related 
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samples from a specific lab, using CZTS synthesized by a certain method, or with process 
variations limited to some certain parameters [56, 178, 186]. This results in a 
disappointing lack of tools and methods for process feedback and control during large-
scale industrial manufacturing. Thus, one of the challenges in this project is to identify 
measurable properties of CZTS materials or devices that exhibit strong correlation with 
PV performance irrespective of the processing method used to deposit the absorber layer 
[169]. This suggests that it would be beneficial to collaborate with other research groups 
to investigate the effects of post deposition RTA on CZTS thin films and solar cell 
characteristics made of absorbers synthesized using other approaches, such as sputtering, 
the sol-gel method, and electrochemical deposition. Further study is needed to address the 
relationship between device post deposition treatment, CZTS absorber properties, and 
device performance.  
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